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Rational boundary charge in one-dimensional systems with interaction and disorder
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We study the boundary charge Qp of generic semi-infinite one-dimensional insulators with translational
invariance and show that nonlocal symmetries (i.e., including translations) lead to rational quantizations p/q
of Qg. In particular, we find that (up to an unknown integer) the quantization of Qg is given in integer units
of % p and %(,b — 1), where p is the average charge per site (which is a rational number for an insulator).
This is a direct generalization of the known half-integer quantization of Qp for systems with local inversion
or local chiral symmetries to any rational value. Quite remarkably, this rational quantization remains valid
even in the presence of short-ranged electron-electron interactions as well as static random disorder (breaking
translational invariance). This striking stability can be traced back to the fact that local perturbations in insulators
induce only local charge redistributions. We establish this result with complementary methods including density
matrix renormalization group calculations, bosonization methods, and exact solutions for particular lattice
models. Furthermore, for the special case of half-filling p = % we present explicit results in single-channel
and nearest-neighbor hopping models and identify Weyl semimetal physics at gap closing points. Our general
framework also allows us to shed new light on the well-known rational quantization of soliton charges at domain

walls.
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I. INTRODUCTION

Charge fractionalization is a striking phenomenon which
emerges in a variety of condensed matter systems of high
interest, either occurring as fractionalized charge excitations
in the fractional quantum Hall effect [1-5] and in Luttinger
liquids [6-10], or as quantized charges in the ground state at
the edge of topological insulators [11-21]. For its emergence a
fundamental mechanism has been established via fractionally
charged domain walls separating two systems with the same
bulk spectrum but in different topological phases. This was
analysed for a one-dimensional (1D) spinless Fermi gas cou-
pled to a bosonic field with broken symmetry [22] and in poly-
acetylene chains due to electron-phonon coupling [23,24].
This mechanism was further analysed for more general setups
[25,26] and a simple physical picture was proposed [27] to
explain the fractional charge unit 1/Z via a Z-fold degenerate
ground state generated by a charge-density wave (CDW) of
wavelength L = Za (a is the lattice constant) [28]. Within
continuum field theories [29—32] the fractional part of the
soliton (or interface) charge Q; was shown to be given by
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the Goldstone-Wilczek formula [31] Q; = g—f‘[e mod(e), where
da is the phase difference between the two CDWs right
and left to the interface. This interface charge is of purely
topological nature, i.e., independent of the precise parameter
values determining the domain wall. In addition, fluctuations
of the soliton charges were analysed in continuum and lattice
models showing that the fractional charge is a well-defined
quantity [33-39].

Besides quantized soliton charges, charge quantization has
also been studied at the boundary of topological insulators.
Previous works focused on the special case of local inversion
or local chiral symmetry as well as on noninteracting and
clean systems, where the boundary charge Qp is quantized
in half-integer units. This was shown via the quantization of
the Zak-Berry phase y in units of 7w [40,41], which is related
to the boundary charge by Qp = —e5~ mod(e) [42-50]. The
quantization of the Zak-Berry phase in the presence of local
inversion symmetry has led to the notion of topological crys-
talline insulators (TCI) [51-56], together with further exten-
sions based on the properties of Wannier functions [57-59],
extending the standard classification schemes of topological
insulators [41,52,60-67], which are based on chiral, time
reversal, and particle-hole symmetries only. In addition, com-
bining local symmetries with translations (so-called nonlocal
or nonsymmorphic symmetries) new possibilities for TCIs
have been predicted for 2D and 3D systems [68—73].

The central topic of the present work is the generalization
of the half-integer quantization of the boundary charge Qp
to any rational value p/g in generic 1D insulators. We will
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relate the occurrence of a rational boundary charge (RBC)
to nonlocal symmetries, i.e., symmetries which can not be
defined within the space of a single unit cell (see Appendix A
for a summary of the precise definitions). Quite remarkably,
in the presence of these symmetries, we will show that RBC
can be easily understood in terms of the universal changes of
QOp under translations and local inversion. Stability of RBC is
demonstrated since these transformation laws are not violated
in the presence of short-ranged electron-electron interaction
or static random disorder.

Our general and unified framework for the RBC is set
up for generic 1D tight-binding models with any size Za of
the unit cell and any number N, of channels per site (like,
e.g., described by spin, several orbitals, etc.). Importantly,
our analytical study is not based on the representation of
QOp in terms of the Zak-Berry phase. It relies exclusively
on the fundamental property of insulators, namely that local
perturbations by external fields lead only to local charge
redistributions, i.e., the corrections beyond a typical length
scale £ are exponentially small. This does not affect the
fractional part of the boundary charge, since Qp is defined
via a macroscopic average on scales much larger than §. In
addition, bound states (localized at the boundary) crossing the
chemical potential due to the local perturbation, can only lead
to a change of Qp by an integer number. This local behavior,
also known as the nearsightedness principle [74,75] (NSP), is
responsible for the universal features of topological insulators
and is also connected to the bulk-boundary correspondence
[76-83]. Furthermore, the same principle is responsible for
charge pumping [84,85] and leads to exponential localization
of the excess density at boundaries and interfaces [86], such
that Qp and Q; are well-defined quantities for insulators. Since
the NSP is also valid for interacting and disordered systems,
we can expect high stability of our results against short-ranged
electron-electron interactions and static random disorder, as
long as the gap of the insulator in which the chemical potential
lies is not closed. Besides the general expectation of stability
we will also support the NSP by numerical calculations based
on density matrix renormalization group (DMRG) methods
in the presence of short-ranged electron-electron interactions,
by exact diagonalizations for static random disorder, and by
analytical results for the particular example of two coupled
noninteracting single-channel and nearest-neighbor hopping
models. In addition, we establish analytically the stability
against short-ranged interactions in continuum models by
using the bosonization method.

To sketch our derivation of RBC we have summarized
our main results in the two Tables I and II. Table I lists the
transformation of Qp under basic operations, in particular
under translation 7, by n lattice sites towards the boundary
and under local inversion IT within each unit cell. Together
with site-local transformations U leaving the boundary charge
invariant, we define the two central operations I1, = T,UTI
and S, = 7_,U, which are nonlocal for n # 0 since they
contain a translation. Table II states the change of Op when
the Hamiltonian has an explicit nonlocal symmetry by either
commuting with IT,, or anticommuting with S, (for the sym-
metry S, one needs in addition half-filling). Comparing the
transformations of Qg under IT, and S, stated in the two tables
(marked in the same color) we arrive at the central result of

TABLE 1. Transformations Qz — QOp of the boundary charge
under the elementary transformations 7, (translation by n lattice
sites towards the boundary), IT (local inversion within each unit cell,
where the unit cell is defined as the one starting at the boundary of
a semi-infinite system), U (unitary or antiunitary operations within
the channel space of a single site), and combinations of these
transformations defining the operations I1, = T,UIl and S, = T_,U.
Except U all transformation rules are mod(e) due to the possible
occurrence of edge states. p = ez is the average charge per site,
which is a rational number in the insulating regime. v denotes the
number of filled bands and Z is the number of lattice sites of a unit
cell (with N, channels per site). If U is unitary (antiunitary), I, and
S, are unitary (antiunitary) operations. Highlighted in color are the
transformation rules that need to be compared between Tables I and
1I to obtain the rational boundary charge.

Qg mod(e) Transformation
T, Op +np translation |m) — |m + n)
I1 —Qp unit-cell-local inversion
U O site-local (anti)unitary
I, =T,UIl QOp+np unitary/time-reversal
S, =T_,U QOp —np chiral/particle-hole

RBC (throughout the manuscript the notion mod(x) = px is
defined as an arbitrary integer p times the variable x)

1 e
On = 51p mod(2>. (1)
Here, p = e is the average charge per site which is a rational
multiple of e in the insulating regime, where v is the number
of filled bands and Z is the number of sites of a unit cell. The
trivial case of a local symmetry is n = O leading to the well-
known %-integer quantization of Qp. Taking all integers n # 0
into account we find that Qp can take all rational quantization
values. Due to the mod(5)-part our quantization rule shows

TABLE II. Transformations Qp — QOp of the boundary charge
if the Hamiltonian H fulfils a symmetry by either commuting with
1, or anticommuting with §,. For the symmetry S,, one needs in
addition half-filling p = e%. If U is a unitary (antiunitary) oper-
ation, I, is a unitary (time-reversal) symmetry and S, is a chiral
(particle-hole) symmetry. For n = 0, the operations ITy and S, are
local symmetries acting within the space of a single unit cell. For n #
0 they are nonlocal symmetries, see Appendix A for our conventions
to distinguish between local and nonlocal symmetries. By identifying
the values for Qp from Tables I and II one obtains straightforwardly
the rational quantization values Qg = %nb mod(5 ). Highlighted in
color are the transformation rules that need to be compared between
Tables I and II to obtain the rational boundary charge.

Symmetry Op Quantization

n, T,HI =H 05
S, S,HS,=-H

0y = tnp mod()

—Qp mod(e
& L-filling Qn mod(e)
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that Qp can always be written as a combination of multiples
of two elementary quantization units: %,Z) and %( p—1).

Besides the presence of a nonlocal symmetry of the Hamil-
tonian as stated in table II, the central part of the proof of RBC
is the transformation of Qg under the two elementary opera-
tions 7, and IT of translations and local inversion according to
Table I. They are the basic ingredients for the understanding
of all universal properties of Qp and are given by

O 5 0p = Qp+np mod(e), ®)

05 > 0 = —Qp mod(e). 3)

Both transformation laws will be shown in this work to
be ultimately related to the NSP which demonstrates their
stability under short-ranged electron-electron interaction and
static random disorder. Equation (2) is a straightforward
consequence of charge conservation since on average the
charge np is moved into the boundary when the translation
is described via an adiabatic process (up to an integer charge
arising from edge states crossing the chemical potential during
the adiabatic process). It has been used in a variety of recent
works on single-channel and nearest-neighbor tight-binding
models to analyze the universal phase dependence Qg(¢)
as a function of a phase ¢ describing a continuous shift of
the lattice towards the boundary [39,87-90]. Equation (3) is
a fundamental transformation which is based on the simple
observation that local inversion of a semi-infinite system with
a left boundary turns it to the same semi-infinite system with a
right boundary [39]. Simple arguments based on the NSP will
then show that the sum of these two boundary charges must
be zero up to an integer charge.

The fact that the two elementary transformations (2) and
(3) together with a nonlocal symmetry property of the Hamil-
tonian under IT, or S, explain both the RBC and its stability
under interactions and disorder in a straightforward way is the
central result of this work. We note that the interaction and
the disorder have to fulfill the nonlocal symmetry property as
well for our proof to be valid. Whereas homogeneous density-
density interaction terms are obviously invariant under trans-
lations 7, local inversion I, and site-local transformations U,
it might not be the case for some fixed disorder configuration.
However, for random disorder the symmetry will be fulfilled
on average and our numerical results confirm that the RBC
is stable in the presence of random disorder. In addition,
when the density-density interaction is not homogeneous, it
is expected that it follows precisely the symmetry constraints
imposed by the modulation of the on-site potentials and
hopping terms.

Interestingly, we will show that the two universal transfor-
mation laws (2) and (3) shed also new light on the quantization
of the interface charge. If the two lattices right and left to the
interface have the same bulk spectrum and are only shifted
relative to each other by én sites, they are connected by
the transformation Tj,I1. Therefore, if the two lattices are
not connected to each other, one finds from (2) and (3) that
the boundary charge Q% of the left lattice is related to the
boundary charge QR of the right lattice by Q% = —QR +
dnp mod(e). Using the NSP, turning on some local coupling
between the two lattices does not change the fractional part of

the interface charge such that Q; follows generically from

Or = 05+ 0f mod(e) )
=6np mod(e). ®)

As a result, we have extended the Goldstone-Wilczek formula
to a discrete lattice and, in addition, have shown that it is stable
in the presence of short-ranged electron-electron interactions
and static random disorder.

We expect our results of RBC to be observable in ex-
periments. Recent experiments in cold atom systems demon-
strated that it is possible to get direct access to the boundary
charge via the Zak-Berry phase [91] and to measure soli-
ton charges of the SSH model [92]. In addition, concrete
proposals for measuring topological solitons in solid state
systems have been made such as carbon nanotubes [93],
graphene nanoribbons [94], and Rashba nanowires [95,96].
Here, scanning single-electron transistor techniques allow for
the direct measurement of local charges [97-101]. Moreover,
the occurrence of interface states due to the quantization of
the Zak phase has been measured in phononic crystals [101].
Besides these materials promising candidates to measure the
boundary charge are quantum dot arrays as proposed in
Ref. [39]. Similiar to cold atom systems, quantum dot arrays
have the particular advantage of control over all parameters
to implement on demand the specific nonlocal symmetries
needed for RBC.

As an interesting application of our general framework
we will discuss the case of a single-channel (i.e., N, = 1)
and nearest-neighbor hopping models. Of particular interest
is the case of half-filling, p = e¢/2, where one obtains from
(1) the two universal quantization classes Op = % mod(%) and
QOp = 7 mod(5). The first is the usual one present also for
local inversion or local chiral symmetries. In contrast, the
second was to the best of our knowledge not discussed before
and is only possible for a nonlocal symmetry. We present an
explicit realization of these classes in terms of a lattice model
with equal hopping amplitudes and a harmonic modulation of
the on-site potentials. Controlling the offset of the modulation
by a phase-variable ¢ this model is of relevance for the
integer quantum Hall effect (IQHE) (where ¢ corresponds to
the transverse quasimomentum in a 2D quantum Hall setup)
[87]. At half-filling (where Z must be even to open a gap),
the model has the nonlocal chiral symmetry Sz, = T_z,,U
with U|m) = (—1)"|m) (|Jm) denotes the state at lattice site
m). According to (1) this leads to the quantization values
Op = %e mod(%), i.e., the two quantization classes in terms
of e/2 or e/4 are obtained for Z =4,8,12,... and for
Z =2,6,10, ..., respectively. The model has the advantage
that the chiral symmetry Sz, holds for any phase ¢ of the
potential modulation. This pins Qp(¢) to quantized plateaus
which change abruptly by +e/2 at gap closing points. This
leads to Weyl semimetal physics since edge modes connecting
the gap closing points play the role of Dirac arcs, analog
to other recent realizations of Weyl semimetal physics in
two-dimensional systems [69,102—105]. Despite the fact that
in this case the Chern number vanishes (leading to zero
Hall current), we find a nontrivial quantization effect of the
boundary charge QOp.
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For single-channel and nearest-neighbor hopping models
with very small gaps we will also set up a low-energy con-
tinuum theory via a Dirac model in 1 4 1 dimensions with a
complex gap parameter A = |Ale'®, in analogy to the study
of interface charges via the Goldstone-Wilczek formula. For a
semi-infinite system we obtain the following universal result
for the boundary charge:

2 e+l modee) (6)

O=7r¢T3

Interestingly, the boundary charge is insensitive to the gap size
and reveals a linear behavior as a function of the phase of the
gap parameter. If the original lattice model is at half-filling
and pure potential modulation is realized (as discussed above
for the Weyl case), we find the symmetry Sz, for any phase ¢
of the CDW [106]. In the corresponding continuum model we
will show that the parameter « is obtained from the interfer-
ence of two paths connecting right and left movers at the two
Fermi points +kr. For the two classes Z =4, 8,12, ... and
Z =2,6,10,..., we find a phase-locking effect pinning « to
odd or even multiples of 7 /2, respectively. These two cases
correspond to the two quantization classes of Qg in terms of
e/2 or e/4, respectively, proving consistency of the continuum
theory with our general framework.

The paper is organized as follows. Section II is devoted to
the general framework to realize RBC in generic 1D insula-
tors. We describe the model and the definition of boundary
and interface charges in Sec. Il A, and the RBC is analysed
in Sec. IIB. The basic transformation laws (2) and (3) are
derived in Secs. IIB 1 and II B 2. Combining the two trans-
formations we find the Goldstone-Wilczek formula (5) for the
interface charge. In Sec. II B 3, we combine the transforma-
tion laws with nonlocal symmetries of the Hamiltonian and
prove the central result (1). We proceed in Sec. III with an
application of our general framework to the case of single-
channel and nearest-neighbor hopping models. In Sec. IIT A,
we describe Weyl semimetal physics at half-filling and dis-
cuss the connection to the IQHE by analyzing the universal
phase-dependence of the boundary charge, the Diophantine
equation, and the Hall current in the presence of a gap closing.
The stability of the boundary charge quantization in presence
of disorder and electron-electron interaction is discussed in
Secs. IIIB and HIC, respectively. An effective low-energy
description of boundary and interface charges in terms of a
continuum Dirac model in 1 + 1 dimensions is provided in
Sec. IV. The derivation of the model in the noninteracting and
interacting case is given in Secs. IV A and IV B, respectively.
The universal formula (6) for the boundary charge and the
Goldstone-Wilczek formula for the interface charge are pre-
sented in Sec. IV C. We close with a summary and outlook in
Sec. V.

Throughout this work we use units such that i =e =
a=1.

II. GENERAL FRAMEWORK

In this section, we describe the general framework to
derive the central transformations (2) and (3) of the boundary
charge Qp under translations and local inversion, respectively.
We identify the nonlocal symmetries I, and S, leading to

HLn

1]

n+1ln+2 n+3

n-2 nl n

FIG. 1. Illustration of the semi-infinite Hamiltonians Hg , (right)
and H;, (left). The Hamiltonian Hg, is obtained from the bulk
Hamiltonian Hy, by starting it at site m = n + 1, whereas Hy , is
obtained by ending Hy at site m = n.

the rational quantization values (1) of the boundary charge.
In addition, we show that the Goldstone-Wilczek formula
(5) for interface charges follows straightforwardly from the
transformation laws.

A. Hamiltonian, boundary, and interface charges

We consider a generic translationally invariant tight-
binding model in 1D with arbitrary short-ranged hopping and
N, channels per lattice site. The channel index can include
spin or orbital degrees of freedom but also the transverse
quasimomentum and band indizes of higher-dimensional sys-
tems. For the infinite (bulk) case, the single-particle Hamilto-
nian reads

Smax

o0
Hux= ) Y chish )¢, (7)

M=—00 §=—"8mnax

Here, m denotes the lattice site index and 8.« iS the range
of the hopping. The components c,,, of the N .-dimensional
vector ¢,, annihilate an electron on site m in channel o =
1,...,N.. Qm (8) is a generic N, x N, matrix describing the
coupling between the channels of lattice site m and m + §.
Translational invariance and hermiticity require the properties

h &) =h @O (®)
B (@) =h (=3, ©9)

=m+5

where Z is the number of lattice sites of a unit cell. Semi-
infinite systems extending to the right or left side are de-
fined by the Hamiltonians Hg,;, , by starting/ending the bulk
Hamiltonian Hyy at site m = n + 1 and m = n, respectively,
see Fig. 1 for illustration. Since the numeration of the sites is
arbitrary one can alternatively label the sitesby m = 1,2, ...
for the right lattice and by m =0, —1, —2, ... for the left
lattice, and formally define in compact notation

Yo chsh, ®c, (10)

[}
HR,n - §
m=1 s

T m48>0,181<6max

0
Hin= . ).
m=—0o0

8
m+5<0,|8| <émax

.
chish O, (D

If an interface is studied between the two semi-infinite
systems Hg , on the right side and Hy ,, on the left side, we
take any short-ranged coupling V; defined within the interface
region My < m < Mg (with |My g| ~ O(Z))

Z E’T” gmm’ o> (12)

My <m,m' <Mg

V, =
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and define the total Hamiltonian by
Hl,nn’ = HR,n + HL,n/ + VI (]3)

For the study of the stability against short-ranged electron-
electron interactions, we take a density-density interaction of
the form

Vie =3 32 utn — mpmpn, (14)
mz#m’
where u(m) = u(—m) is only nonzero for |m| < myax ~ O(1)
and p(m) = cT . If a semi-infinite lattice is studied, the sum
over the sites is restrlcted to the corresponding regions. In
the presence of an interface the short-ranged electron-electron
interaction between the sites of the left and right lattices is
also a coupling term which can be included alternatively in V;
by adding these many-particle terms to the interface coupling.
We will also test stability with respect to static random
disorder. In this case, we include a quenched onsite disorder

Hgo =Y _d(m)p(m), (15)

where d(m) is drawn from a uniform distribution
d(m) e [—d/2,d/2). Of course, more complicated
(channel-dependent or hopping) forms of disorder can be
considered, which, however, will not change the main thrust
of the arguments presented here.

In the insulating regime, where the excess density falls
off exponentially on scale £ into the bulk [86,89] starting
from a boundary or interface, the observables of interest
are the boundary charges QF , and Q% of the semi-infinite
systems described by Hg, and Hj ,, respectively, and the
interface charge Qy ,,y of the Hamiltonian Hj ,,,, defined by
a macroscopic average on scales much larger than Z and &

05, =Y (p(m) = p)f(m), (16)
m;l

Qfw =Y (p(m)—p)f(m), (17

Qi =Y, (p(m) = p)f(m). (18)

Here, p(m) = (p(m)) is the total charge at site m in a grand
canonical ensemble with respect to the corresponding Hamil-
tonians Hg ,, Hy ,v, and H; ,,, respectively. We assume zero
temperature and the chemical potential u to lie in some given
band gap of the insulator. Further, p is the average charge
per site for the translationally invariant bulk Hamiltonian (7)
defined by

z
p= Z Pouk(j) = - (19)

where v is the filling factor defined as the number of occupied
bands. The function f(m) is the envelope function of a charge
measurement probe falling off smoothly from unity to zero,
see Fig. 2.

T T T
1 M & -
E
| L | L |
0 -N 0 N
m

FIG. 2. Sketch of the envelope function f(m) with N > M >
ZE.

To simplify notations, if no index r is displayed, we assume
implicitly n = 0, i.e.,

Hgyp = Hryro, Hp = Hpo, (20
V=08, 0r= 01 @1

We note that we have not used this convention in the intro-
ductory part (to avoid too many subindices at the beginning)
where we denoted by Qg/ Land Q; the boundary and interface
charges for the systems Hg/ , or Hy ,, under consideration.
Furthermore, we used implicitly the convention O = OF in
the introductory part.

Due to the NSP, it is expected that Oy, is independent of
the coupling V; (up to an integer). For particular examples, we
demonstrate this in Appendix B via exact diagonalization and
DMRG calculations in the presence of static random disorder
or short-ranged electron-electron interaction. Moreover, we
show in Appendix C analytically that Oy ,, is independent
of the size of a single link between two noninteracting and
one-channel nearest-neighbor hopping models. As a result we
find [see Eq. (4)] that the interface charge is the independent
sum of the boundary charges of the left and right lattices

R L
Ql,nn/ = QB,” + QB.n’

In addition, we conclude that also the boundary charge does
not change, when a local perturbation is added close to the
boundary. In Sec. IIB, we will furthermore show that the
interface charge depends only on the relative difference én =
n —n,ie.,

mod(1). (22)

Ql,nn’ = QI,Sna on=n-— l’l,, (23)

see the Goldstone-Wilczek formula Eq. (5) or Eq. (33) below.

B. Rational quantization of boundary charge

In this section, we show how the boundary charge trans-
forms under translations and local inversion according to
Egs. (2) and (3). Together with certain symmetry requirements
of the Hamiltonian we will determine the rational quantization
values for the boundary charge given by Eq. (1). In addition,
we show that the Goldstone-Wilczek formula (5) for the inter-
face charge is based only on the fundamental transformation
laws of the boundary charge. For the special case of nonin-
teracting and clean systems, we show in Appendix D that the
same results can also be obtained from the transformation of
the Zak-Berry phase under translations and local inversion.
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He.n)

® 0 O
n+1ln+2 n+3

Hin)
T,

e® @ 00 0 00 —> 0 O O
2 1 0 2 3 n

.
1 n-2 n-1

AN
AN

FIG. 3. Illustration of the translation by n lattice sites for the left
and right semi-infinite lattice. In both cases the lattice is moved to the
left. This means that for Hx — Hp, the lattice is moved by n sites
towards the boundary whereas, for H, — H, ,, the lattice is moved
by n sites away from the boundary. As a consequence, the boundary
charge increases or decreases by np, respectively.

1. Translations

A translation 7, = Tjn of the lattice by n sites to the left is
defined by the operation

h (&) >h (6. (24)
Applying this to Egs. (10) and (11), we evidently get

Hp K Hg,, Hp o Hy p, (25)

as illustrated in Fig. 3. Performing the transformation (24) via
an adiabatic process, the lattice is shifted as a whole by n sites
to the left, i.e., due to charge conservation, the average charge
np will move into the left boundary of the right lattice and will
move out of the right boundary of the left lattice. Since the
R/L .
boundary charges Q' " are defined as a macroscopic average

n

via Egs. (16) and (175, we get
s =0y  £np mod(1). (26)

Together with Eq. (25) this provides the following transfor-
mation of the boundary charges under translation:

oyt B of/t = 0 £np mod(l), (@7

which proves Eq. (2). These relations are exact and do not
depend on the presence or absence of short-ranged electron-
electron interaction or random disorder, see Appendix B and
bosonization studies in Sec. IV C. They are based on the
same arguments as charge pumping [84,85] and have been
extensively used recently for noncyclic adiabatic processes to
analyze the universal average slope of the phase-dependence
of the boundary charge [39,87—89]. The unknown integer
arises since bound states (at the boundaries) can cross the
chemical potential during the adiabatic process leading to
discrete integer jumps of the boundary charge.

Alternatively, Eq. (26) can also be derived directly from
the NSP. Since local perturbations at the boundary do not
change O (up to an integer) we can add to Hg an infinitely
high potential on the first n sites such that p(m) =0 for
m=1,2,...,n. This leaves for the boundary charge from
Eq. (16) only the contribution —np for the first n sites and
ngn for the rest. Using the invariance due to the NSP this
gives OF = OF | — np leading to Eq. (26). In an analogous
way, one can prove Eq. (26) for Q% by starting from Hé , and
putting an infinite potential on the last n sites.

Z Z
é n o
...... @ @ o0 @ [ooo —>....... cee @ [ooe
g1 2 z |1 2 z dzz1 11z z1 1
Z Z

180°

—> oo

00
2 Z

® w0 @
1 1 2 Z

V77777777

FIG. 4. Tllustration of local inversion by indicating the lattice
sites of the unit cells. Inverting the lattice sites within a unit cell via
the interchange m <> Z — m + 1 and turning the system by 180° one
finds that Hy is transformed to H; .

2. Local inversion

Local inversion IT is defined as a symmetry operation
performing an inversion in each unit cell separately, where
the unit cell is defined such that it starts at the boundary.
Since the unit cell defined in this way depends on the index
n of the Hamiltonians Hg/; , we discuss the case n =0 in
the following (see the discussion at the end of Sec. I B 3 for
transformations defined with respect to other choices of the
unit cell). In this case, the unit cell starting at the boundary
consists of the sites m =1,...,Z and is identical to the
one for the bulk Hamiltonian Hyyg. In this subspace the
transformation IT is formally defined by

h (8) > h @I, @8

Z—m+1

(=) =1lb, .
where we have used the hermiticity condition (9) in the last
equality. Using the periodicity condition (8), this defines IT
for all m. Applying an inversion turns the semi-infinite system
Hpy with a left boundary obviously to the semi-infinite system
H; with a right boundary

He 5 H,, (29)

as illustrated in Fig. 4. Taking the Hamiltonian (13) without
any coupling V; = 0 between the left and right lattice, the
interface charge is obviously given by Q; = Q% + OF. On the
other hand, taking for V; exactly the coupling corresponding to
the bulk Hamiltonian (7) we get a translational invariant lattice
everywhere with a periodic bulk density ppux(m) = ppu(m +
Z). The corresponding interface charge Q; pux vanishes since

Ot buk = Y _(Pourc(m) — p)f (m)

Z
= > (o) — p)f Zn+ j)

n  j=I1

z
- Zf(Zn) Z(pbulk(j) - D)

j=1

VA
+ Y @)Y (por()—p)j =0, (30)

J=1
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where we have used f(Zn+ j)~ f(Zn)+ f'(Zn)j in the
second step and Y, f'(Zn) ~ [ dxf'(Zx) = 0 together with
the definition (19) of p in the third step. The approximations
become exact in the limit of infinite parameters N and M
defining the smoothness of the envelope function via Fig. 2.
Finally, due to the NSP, the interface charge can only change
mod(1) when switching on V;, leading to

Q5+ 05 =0 mod(l). 31)

Together with (29) this provides the following transformation
of the boundary charges under inversion

o =
OfE = ONF = — 0" mod(1), (32)

which proves Eq. (3). The universal relation (31) has also
been found recently in Ref. [89] for the special case of a
noninteracting single-channel and nearest-neighbor hopping
model, where the unknown integer has been specified for
a single band. Again, we emphasize that it is also valid in
the presence of short-ranged electron-electron interaction and
random disorder since we only used the NSP to derive it, see
also Appendix B and bosonization studies in Sec. IV C.

We note that, by inserting the relations (26) and (31) into
the formula (22) for the interface charge, we obtain straight-
forwardly the Goldstone-Wilczek formula (5) for a discrete
lattice

Orwy = (n—n")p  mod(l), (33)

with §n = n — n’. We conclude that the charge quantization
at interfaces separating regions in different topological phases
with the same bulk spectrum is fundamentally related to the
NSP and the transformation laws of the boundary charge
under translation and local inversion. This provides a very
elegant proof of the Goldstone-Wilczek formula and shows
at the same time that it is stable under short-ranged electron-
electron interaction and static random disorder.

3. Nonlocal symmetries

If the transformations (27) and (32) of the boundary
charges Qg/ " under translations and local inversion are com-
bined with explicit symmetries of the Hamiltonian, one
can straightforwardly prove the rational quantization of the
boundary charge. We note that symmetries are always defined
with respect to the bulk Hamiltonian Hyyx and we discuss the
consequences for the boundary charges Qg/ L where the unit
cell starting/ending at the boundary is the same as the one cho-
sen for Hyyx. We define local symmetries by transformations
acting only in the space of a single unit cell as they are used
in the usual tenfold classification schemes of TIs [41,52,60—
67] in terms of local chiral, time-reversal, and particle-hole
symmetries. The case when the local symmetry is defined with
respect to another choice of the unit cell is always discussed
separately if relevant, see also the detailed discussion at the
end of this section. For a summary of the precise definitions
and our conventions to distinguish between local and nonlocal
symmetries, we refer to Appendix A.

First, we note that all (anti)unitary transformations U,, =
U,+z acting only in the channel space of lattice site m
commute with the operator ¢/ ¢, and, therefore, leave the
boundary charge invariant. This are transformations defined

by
h (8) > Ul sh (8)Up. (34)

Secondly, we define two fundamental operations I1, and S,

by combining U with local inversion and translations
n,=rnuvn, §,=7.,U. (35)

1, and S, are defined in such a way that the boundary charge
transforms according to

RIL Dy RE — _ Rt 4 np mod(1),  (36)

R/ S, ORI — QF'E + np - mod(1), (37

where we have used (27) and (32).
Finally, we assume that the Hamiltonian either commutes
with IT,, or anticommutes with S,

h (0)=5h (8) or h (8)5—h (5).  (38)

Using Eqgs. (24), (28), and (34) this requires one of the
following symmetry conditions

M,: h (8= U,

—m—n+1-8
Ty, o SO Uzomensr, Suth (8
(39
= Uy ish () Upn (40)

In contrast to all previous relations, this defines a certain
nonlocal symmetry which the Hamiltonian has to fulfill. As
we will show below the symmetry implies rational quanti-
zation values of the boundary charge. When U is a unitary
transformation, (39) denotes a unitary symmetry I1, and (40)
a chiral symmetry S,. Similarly, when U is an antiunitary
transformation, (39) denotes a time-reversal symmetry IT,
and (40) a particle-hole symmetry S,. Both symmetries are
nonlocal for n # 0 since they involve translations. A special
case is IT, which, except for Z even and n odd, can be turned
into a local symmetry but with respect to another choice of
the unit cell. This follows since I, is an inversion symmetry
around the axis m = %(Z —n+1) (forneven) orm =72 —

%(n — 1) (for n odd). This leads to a local site-inversion
symmetry for Z odd, and to a local bond-inversion symmetry
for both Z and n even. However, for Z even and n odd,
we obtain a site-inversion symmetry but the corresponding
unit cell contains only half of the sites at the boundaries
which is not possible for tight-binding models, see Fig. 5 for
illustration. The two ways of defining an inversion symmetry
in Fig. 5 is related to the general principle that for any inver-
sion symmetric chain there must exist two maximal Wyckoff
position with site symmetry group containing the inversion,
see the discussion in the supplemental material of Ref. [57]
and examples discussed in Ref. [50]. Using the terminology
of symmorphic and nonsymmorphic symmetries, one should
call I1, a symmorphic symmetry depending on the quasi-
momentum k (for Z even and n odd, sometimes also called
unconventional nonsymmorphic symmetry) since it returns to
the same lattice site when applied twice [107-110], whereas
S, is a nonsymmorphic symmetry [111].
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FIG. 5. Visualization of the nonlocal inversion symmetry II,
for n =1 and Z =4 for a nearest-neighbor hopping model with
one channel per site. v; denote the on-site potentials and —#; are
the hoppings. The red dashed vertical lines indicate the boundaries
between the unit cells and the blue solid vertical line is the symmetry
axis of inversion symmetry. In the lower figure, the unit cell is
redefined such that the symmetry becomes a local one. However, this
is not possible for a tight-binding model since the unit cell contains
only one half of a site at the boundaries.

For the (anti)unitary symmetry IT,, the boundary charge
can obviously not change since the Hamiltonian is invariant.
For the particle-hole or chiral symmetry S, each eigenstate
|[Yr) of the Hamiltonian with energy € has a corresponding
eigenstate S,|v¥) with negative energy —e. Therefore the
operation S, transforms the boundary charge Q5 (with Qp =

g/ Ly from all states with negative energy to the boundary
charge Qj from all states with positive energy. When all states
are filled we get p(m) = p = N, giving zero boundary charge,
i.e., Q; + Q0 = 0. At half-filling p = N./2, the chemical
potential is located somewhere in the gap near zero energy. In
this case the boundary charge is given by Qp = O mod(1),
where the integer arises from edge states contributing an
integer number to the boundary charge. As a consequence,
up to an integer, we find that the boundary charge changes
sign under S, at half-filling. Therefore we get the following
relations:

oyt = oyt = 0", (1)

S A 5 Ne

Taking these equations together with (36) and (37), we arrive
for both symmetries at the following rational quantization
values of the boundary charge

Wt =+lnp mod(l), 43)

which proves our central result (1).
Equation (43) shows that the quantization of Qg/ L can
always be written as

RIE =y dp +mlp — 1), (44)

with some integers n; and n,. As a consequence, the quan-
tization units of the boundary charge are given by % p and
%(,Z) — 1) in contrast to the quantization unit p of interface
charges, see Eq. (33). Furthermore, the quantization of Qg/ L
requires certain symmetries of the bulk Hamiltonian, whereas
the quantization of Qy is only related to a symmetry relation
between the lattices left and right to the interface, which are
connected by T;,I1. For the special case n = 0, one recovers
from (43) the known quantization of the boundary charge in
half-integer units [40,41] in the presence of local symmetries.

One can ask the delicate question what happens if a local
symmetry is not defined with respect to the unit cell starting
at the boundary but with respect to any choice of the unit
cell. This is equivalent to the question how the boundary
charge changes when the semi-infinite system is cut off at a
different site such that it starts with site n’ + 1 (for Hg) or
ends with site n’ (for Hy). According to the transformation
27) of Qg/ L under translations this leads to a shift of Qg/ L by
+n’p mod(1). Therefore, for systems with local symmetries
with respect to any definition of the unit cell, one can realize
all quantization values

Oy/F =+n'p mod(}), (45)

where the mod(%) contribution stems from local symmetries
defined with respect to the unit cell starting at the boundary.
This provides the quantization units p and % In contrast,
the presence of symmetries which are nonlocal with respect
to any choice of the unit cell provides the interesting new
possibility of a realization of the quantization unit % p-

For given Z but arbitrary filling factorv =1, ..., N.Z — 1,
one can also analyze the conditions if n% p mod( %) can lead
to new rational quantization values compared to n'p mod(%).
This is the case if the equation

(46)

o=

np=np—m

=

can not be solved for any integers n’ and m'. To analyze this,
we insert p = v/Z and find that (46) is equivalent to

nv =2n'v —m'Z. 47)

For n even, this equation is solved by n" = 5 and m" = 0. For
n odd and Z odd, it is solved by n’ = %(Z +n)and m = v.
However, for n odd and Z even, (47) can not be solved for
v odd. Since the equation does not change when Z and v
are multiplied with the same integer /, we conclude that new
quantization classes occur for nonlocal symmetries if
Z=2l, v=Q2p-1I, (48)
with two integers ¢ and p. Since % p changes by % if v changes
by Z, we conclude that the new quantization values of the
boundary charge due to nonlocal symmetries are given by

2p—1
Op —>n ) (49)
4q

withnodd,g=1,2,...,and p=1,2,...,q.
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III. APPLICATION TO SINGLE-CHANNEL AND
NEAREST-NEIGHBOR HOPPING MODELS

In this section, we discuss a concrete realization of the
rational quantization values of the boundary charge in the
special case of single-channel and nearest-neighbor hopping
models. We present the discussion of discrete lattice models
in Sec. IIT A, where we consider Weyl semimetal physics
occurring at half-filling and discuss its relevance for the
IQHE. In particular, we concentrate on the boundary charge
OX (denoting it in the following by Qp) and study its uni-
versal properties. In Secs. IIIB and IIIC, we study their
stability against disorder and electron-electron interaction,
respectively.

A. Weyl semimetal physics at half-filling

In Refs. [88,89], the case of single-channel and nearest-
neighbor tight-binding models has been studied analytically
for any value of Z and for generic modulations of the on-
site potentials v,, = h,,(0) and the hoppings t, = —h,,(1)
(which can all be chosen real and positive z,, > 0, see Ap-
pendix A of Ref. [89]). In these references, the universal
phase-dependence of the boundary charge Qp(¢) has been
studied for arbitrary 2 -periodic functions v,,(¢) and ¢,,(¢).
The special case

2
vn(@) = —2V cos <7m + (p), tu(p) =t (50)

has been considered in Refs. [39,87], in particular due to
the relevance for the IQHE, see the detailed discussion in
Ref. [87]. In this case, ¢ can be interpreted as the transverse
quasimomentum in a 2D quantum Hall setup [87] and Z
corresponds to the magnetic length. Whereas Ref. [87] has
discussed small filling factors v with finite Chern number, the

particular interest in this work is the case of half-filling, v = £

2
and p = %, where Z is even to open a gap. Due to (43), the
following two universal quantization classes are possible for

Qp = OF athalf-filling in case certain symmetries are fulfilled
Op = imod(1) or Qp=}mod(}). 31

The first % class is the usual known one which occurs also
in the presence of local inversion or local chiral symmetries.
The second }‘ class is a novel one which requires essentially
nonlocal symmetries. For half-filling, we will explain in the
following that it is possible that the quantization of Qp(¢)
persists for all phases ¢ and Weyl semimetal physics occurs
with Op jumping by :I:% at gap closing points. This is of
relevance for the IQHE. Whereas the Chern number and,
therefore, the Hall current vanishes, the boundary charge
shows an interesting quantization feature.

In Appendix E, the symmetry conditions (39) and (40) are
explicitly evaluated for the special case of single-channel and
nearest-neighbor hopping models. For the symmetry I1, =
T,,UTI, one obtains U,, = 1 and the condition

tw = 1z—m—n>» (52)

whereas for S, = T_,U, one finds U,, = (—1)" together with

Un = VZ—m—n+1,

Un = —VUm—n> Im = lm—n- (53)

The nonlocal chiral symmetry S, has the advantage that it can
be fulfilled for all phases ¢, whereas I1, leads to a rational
quantization of the boundary charge only at certain values of
¢. Therefore we concentrate in the following on S, where an
interesting application relevant for the IQHE at half-filling can
be formulated.

Applying the symmetry condition (53) twice one finds
U = Up—2, implying that Z = 2n defines the wavelength of
the modulation which is identical to the number of sites of the
unit cell (the hopping has the wavelength Z/2). Therefore the
translation 7_,, = T, shifts the lattice by half of the unit cell

length, typical for nonsymmorphic symmetries. For n = %
and p = %, we get from (43) the quantization values
V4 1
QB = g mod E ) (54)

leading to the % classforZ =4,8,12, ...
classforZ =2,6, 10, ....

For n = %, a concrete realization of (53) for all phases
is given by the pure potential modulation model (50) with
constant hopping. Other more complicated realizations are
also possible but do not lead to qualitative differences. This
model has the advantage that a phase shift of ¢ by 27” shifts
the lattice by one site towards the boundary, i.e., Op changes
by p mod(1) according to (26). This must be a half-integer for
p= % Furthermore, since Qp(¢) is quantized for all ¢ and
since edge states crossing the chemical potential during the
shift can change Qp only by an integer value, we conclude
that there must be necessarily a gap closing point in any phase
interval of size 27” Between the gap closing points Qp is
quantized due to the symmetry and edge modes connecting the
gap closing points play the role of Dirac arcs, see Figs. 6(al)
and 6(a2). Therefore we call this the Weyl case. At a gap
closing point QO jumps by :I:% such that (26) is fulfilled, see
Figs. 6(b1) and 6(b2). This is also demonstrated in Figs. 6(c1)
and 6(c2), where we show the integer invariant /(¢), defined

by

and to the novel i

() = AQp(p) — % € {—1,0}, (55)

2
AQs(p) = Op (<p + 7”) — 05(9). (56)

According to Refs. [88,89] this invariant fulfils the topological
constraint / € {—1, 0} due to charge conservation of particles
and holes. We note that this property is not changed when
a gap closing point appears during the shift of the lattice by
one site. The phase dependence of the model parameters can
always be chosen such that no gap closing appears during
the shift without changing the parameters before and after the
shift, see Ref. [89].

One can also generalize the universal form of Qp(p),
derived in Refs. [39,87-89], to the case of gap closings. When
the gap is nonzero for all phases, the form is given by

M_—M,
Op(p) = f(o) + T(ﬂ-i-F((p), (57)
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FIG. 6. Phase dependence of (a) band structure, (b) boundary
charge Qp, and (c) invariant /(@) = QOp(p + 27”) — Qp(p) — p for
the model (50) with V = 0.5 and t = 1 at half-filling 5 = 1, and
Z = 4, 6 (left/right panel), calculated for a semi-infinite system. In
(a), the bands & = £, Z + 1 are shown together with edge modes
connecting the gap closing points, where Qp jumps by :I:%. The
invariant is quantized to / € {—1,0}. Due to the nonlocal chiral
symmetry v,(¢) = —v,, +7 (¢), quantization of Qp occurs in units
of % for Z = 4, whereas for Z = 6 we get Qp = %mod(l/Z). The
black symbols (mainly overlaying the lines) in (b) show the case
with random disorder for a finite system for additional staggered
onsite-disorder drawn from a uniform distribution (—0.025, 0.025]
for a finite system of Z x 10° lattice sites.

where f(¢) is a nonuniversal smooth 27”—periodic function,
and

M,
Flp)=1) Y 00(p—¢) (58)

o==% i=1

describes the discrete jumps of Qg by +1 when edge states
cross the chemical potential at (pl.i from above or below, re-
spectively. M1 denotes the total number of edge states moving
below/above the chemical potential when the phase changes
by 2. The average slope from the linear term determines
the Chern number C, = M_ — M [89,112-115]. Moreover,
Egs. (55) and (57) imply the relation

C,=v—s,Z, (59)

where s, = AF(¢) — I(¢) is a phase-independent integer
characteristic for each gap. This relation is equivalent to the
Diophantine equation [113-115], a central relation for the
bulk-boundary correspondence of the IQHE.

The universal form (57) remains valid in the presence of
gap closing points for the Weyl case, with the only difference
that the jumps of Qp have size :l:% at a gap closing since the
charge of the edge state is distributed symmetrically among
the two bands [89]. Thus Eq. (57) remains the same, we only
have to add a factor % in Eq. (58) for the terms in the sum cor-
responding to the jumps at gap closings and, correspondingly,
count only the contribution :I:% to M. As a consequence, the

Diophantine equation (59) remains also valid in the Weyl case,
but s, becomes half-integer. For example, for Fig. 6, we have
Sy = % which gives with v = % a vanishing Chern number
C, =0.

As shown in Ref. [87] the Hall current I, for a 2D quantum
Hall system (with periodic boundary conditions in y direction,
described by the azimuthal direction of a cylinder topology)
along the direction x of the effective 1D system in response to
a perpendicularly applied voltage bias V, is related to Qp(¢)
by

M

d oy d (B
I, = _EQedge(I) =7 ;Q8<M<n + To)) (60)

where Qé(zjge) is the charge along the edge of the physical
2D system, ®g = h/e denotes the flux quantum, and V, =
—%db(t) is generated by a time-dependent magnetic flux
®(r) applied through the cylinder. The discrete values k, =
zﬁ”n describe the perpendicular quasimomentum along the
azimuthal direction of the cylinder (with M lattice sites around
the cylinder). Inserting (57) one finds that the 27"—periodic
and smooth part f(¢) and the piecewise constant function
F (¢) provide a ®-independent contribution to the sum [up to
discrete jumps at particular values of ® from F (¢)]. Therefore
the Hall current probes only the linear term of (57), leading
to a quantized Hall conductance oy, in terms of the Chern

number

L =04V, o4 = %Cu. (61)
Therefore, for the Weyl case discussed above, the Hall con-
ductance vanishes.

B. Stability against disorder

A delicate question concerns the unknown function f(¢)
in (57). When Qp(¢) is quantized for all ¢ we get M, = M_
and f(¢) is a constant determining the quantization value.
However, when a small symmetry-breaking term in the form
of periodic disorder is added to the on-site potentials, the gap
will open at the Weyl points, and one obtains a discontinuous
jump to a finite Chern number C, = M_ — M, see Figs. 7(a)
and 7(b) for Z = 6. The gap opens slightly and % edge states
move either from the valence to the conduction band or
vice versa, giving rise to two different Chern numbers +%,
with a corresponding jump of the Hall current. In addition
to the linear term %(p, also the functions f(¢) and F(p)
jump discontinuously such that all three terms on the right
hand side of Eq. (57) are unstable against small symmetry-
breaking terms for all phases. However, the boundary charge
determined by the sum of all three terms remains a stable
quantity between the jumps as shown in Fig. 7(c). This shows
that the quantization values of Qp(¢) at fixed ¢ between
the gap closing points are well-defined and stable quantities
accessible by experiments for 1D systems.

In Fig. 6, we add an analysis of the effects of nonperi-
odic disorder in the panels showing Qp(¢). We overlay the
results obtained without disorder (lines) with those calculated
in the presence of a quenched onsite disorder (symbols) of
quite moderate strength d/t = 0.05. The two results mainly
overlap, besides of at values of ¢ close to gap closings where
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FIG. 7. (a) and (b) show the phase-dependence of the band structure and the edge states for Z = 6 and the same parameters as in Fig. 6
but with additional periodic disorder for the on-site potentials on the scale 0.2 (which is chosen rather strong to visualize the gap openings),
calculated for a semi-infinite system. As a result, three edge states run either from the valence to the conduction band or vice versa. In (c), the
phase-dependence of the boundary charge Qg (¢) is shown for the two disordered configurations and compared to the clean case, demonstrating

stability of the quantization of Qp between the jumps.

small energy shifts and gap openings induced by the disorder
might change the value of quantization mod(1), similar to the
effects of weak periodic disorder as shown in Fig. 7(c) [where
the disorder strength is chosen much stronger to visualize the
effects on the spectrum in Figs. 7(a) and 7(b)]. Therefore
the overall quantization of 1/2 and 1/4 for Z =4 and 6,
respectively, remains perfectly intact mod(1).

C. Robustness of quantization in presence
of electron-electron interaction

Finally, we study the robustness of the quantization with
respect to adding short-ranged electron-electron interaction
at half-filling (x = 0 in the noninteracting case above). We
add the particle-hole symmetric version of Eq. (14) as the

interaction
. 1/, 1
Vee = u E Pm — 5 Pm+1 — 5 (62)

to the Hamiltonian and study the resulting interacting quan-
tum many-body system using DMRG. This particle-hole sym-
metric formulation is chosen for convenience of implemen-
tation only. The results for ¢ being at the maximal single
particle gap are summarized in Fig. 8 for Z = 4 and 6 and the
other parameters as in Fig. 6. As shown the quantization of Qp

0
-1/4
Q
Ql
-172
2558 82
-3/4 . .

-1 -0.5 0 0.5 1

u

FIG. 8. Stability of the rational quantization of the boundary
charge upon inclusion of nearest neighbor interaction. The figure
shows the boundary charge Qp for the same parameters (but finite
size N = 1000) as used in Fig. 6 at two values of ¢ = 7 /4 and 0,
where the gap is maximal, for Z = 4 and 6, respectively.

remains perfectly intact upon including this local interaction
up to rather large values of the interaction strength u.

IV. LOW-ENERGY THEORY

In this section, we discuss the low-energy theory in terms
of a Dirac model in 1+ 1 dimensions, following closely
the treatment in Refs. [39,87,116], where low-energy models
have been derived from lattice models for the special case
of potential modulation with constant hopping. Here, we
discuss the general derivation of Dirac models and present
an exact formula for the complex gap parameter entering the
low-energy model. We discuss in detail the restrictions for
the phase of the gap parameter in the presence of nonlocal
symmetries or for the special case of half-filling. We present
exact formulas for the boundary and interface charge for the
noninteracting Dirac model and prove the consistency with
our general framework. Furthermore, we discuss the stabil-
ity under short-ranged electron-electron interaction by using
the bosonization method. Whereas the gap is significantly
renormalized by interactions [116—119], it turns out that the
boundary charge is insensitive to the gap size but depends only
the phase of the gap parameter in a linear fashion which is
not influenced by interactions. Since the low-energy model is
most conveniently written in continuum space, we explicitly
write the lattice spacing a at the appropriate places and do not
set it to one in this section.

A. Noninteracting Dirac model

We first split the noninteracting single-channel nearest-
neighbor hopping model with on-site potentials v,, and hop-
pings —t,, into two parts by writing f,,, =t + &t,,

Hyux = Hy + H', (63)

Hy=—t)» ¢} cn+He., (64)

H' =" vnchom— Y Stu(ch, cn+He). (65
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H'’ describes the external modulation which, just for illustra-
tion (other cases can be treated analogously), we take to be
harmonic with wavelength A.x = Za

Uy = —28v cos(kexma + @), (66)
8ty = —8t cos(kexma + @), 67)

where ko, = i—” is the wave vector of the external modulation.

Hj can be easlly diagonalized in terms of plane waves |k) =
V=Y, €% |m), leading to

w/a
Hy = / dk Ve[, (68)
w/a

with

€® = —2rcoska), —— <k<2, (69)
a

a

~T a ikma .t
“=\or Zek Cm (70)

In the representation |k) of the exact single-particle eigen-
states of Hp, the matrix elements of H' can be straightfor-
wardly calculated and one obtains

(k|H'IK')

; &t . o
=38k —k' — kex){—Sve"”" + 5(e_lk“ + e’k”)e”"’}

; 8t . o )
=6k — kK + kex){_gvettﬂu + E(eftka + elku)e—[(/)t }
(71)

These matrix elements lead to Z — 1 gap opemngs labeled by
v=1,2,. — 1 at wave vectors :l:k(v with 2k ") = ke
The gaps are generated in v'th order perturbat1on theory in H'
with v/ = min{v, Z — v} [120] and are of the order

In the following, we will concentrate on a certain gap with
index v and write kr = k_ and A = A, for brevity. Our
aim is to develop an effective low-energy model for energies
close to the Fermi energy e = eg) = —2t cos(kra). Using
Brillouin-Wigner perturbation theory, the coupling between
the states close to the two Fermi points +kr can be described
by an effective Hamiltonian

1
Hyy = P<H/ +H'Q QH/)P, (73)

€r — QHpukQ

where P projects on the low-energy sector and Q =1 — P.
It is then straightforward to see that for |k|, |k'| < kr one
obtains a coupling between the two Fermi points via v/ — 1
virtual intermediate states described by the matrix element

(kp + k|Hg| — kp + k') = AS(k — k), (74)

where

A = |Ale™ (75)

is a complex gap parameter with negligible £ dependence.
Using Eq. (71), one finds after a straightforward calculation

A7 for v < %
A=A, =]AT for v > £, (76)
Ay + A forv=%
with
Aj = —(—I)Z_”AZJ ey i 77
and
AT = —Sve'
v l_l LT — €<0> 1 {
8 ikp—tkoya | —itkp—lko ) —ikear i
—l_E[e F ex +e F ex)d o ex ]e‘/’z . (78)

Most importantly, the gap parameter Az, at half-filling (only
possible for Z even) is determined by an interference of two
processes. This will become important for the quantization
values of the boundary charge (see below)

Splitting the field operator v (ma) = me in slowly vary-

ing right and left moving fields R(x) and L(x) via
¥ (x) = R(x)e™™ + L(x)e ™, (79)

and inserting this decomposition in the effective Hamiltonian
Hes = Hy + H;, one finds after neglecting strongly oscillat-
ing terms the final result for the low-energy Hamiltonian in
the form of a Dirac Hamiltonian in 1 4 1 dimensions

Hp = /dkﬂ;i{vpkaz + |Alcosao, — |A| sinotay}zk,

(80)

where vy = 2tasin(kra) and

1
K" NG f
For equal phases ¢, = ¢; = ¢, we can directly see from
(77) and (78), that the phase « of the gap parameter is a linear
function of ¢ for v # £

dxe ™y (), Yx) = (fgg) 81

forv < %
, (82)

forv > %

{wp —+ const
2

(v — Z)p + const

where the constant term is nonuniversal but independent of ¢.
As we will see in Sec. IV C, this leads to a universal linear
behavior of the boundary charge as a function of ¢.

For the case of half-filling v = % (only possible for Z even)
it is more complicated due to the interference effect from two
paths. If we take potential modulation only, i.e., §t = 0, as
considered in Sec. IIT A, we get from (77) and (78)

Agp = A7, (— 175, (83)
Afjn = —1Agple'3, (84)
which gives for the sum
_ [2isin(%¢)  for Zeven
Azp =187l N
/ Z/2 z z
—2cos (£¢) for £ odd
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Therefore, due to the interference of the two paths, one obtains
for the phase « at half-filling an interesting phase-locking
effect

for % even

B {% +70[—sin(Z¢)] | )

n0[cos (£9)] for Z odd
which, as we will see in Sec. IV C, explains the pinning of the
boundary charge to certain quantization values.

Finally, we analyze the restrictions for the values of « in
the presence of the nonlocal symmetries I1, or S, discussed
in Sec. II B 3. This can be done directly by using the general
definition of A via (74) without using some special form for
vy, and #,,. As shown in Appendix E, the two symmetries act
on the lattice sites as

M,m) =|Z—m—n+1), (87)
Sulm) = (=1)"|m — n), (88)

which implies the following transformation in quasimomen-
tum space:

I, |k) = "¢~ —k), (89)
Splk) = %Ak 4oy, (90)

Together with (74) this implies for the unitary symmetry IT,
and the chiral symmetry S, the following condition for the gap
parameter:

Hn A= e*Zik,.-(an+1)aA*’ (91)
Sy A = —e 2ikena px (92)
Using 2kpa = vkexa = 27 p and, for the symmetry S, (which

requires half-filling), kra = 7, we get for both symmetries
the following pinning of o:

a=mn—1Dmxp mod(r). 93)

As shown in Sec. IV C, this will prove consistency of the low-
energy approach with the quantization of the boundary charge
according to our general framework.

B. Interacting Dirac model

Let us now proceed to include electron-electron interaction
effects within the short-ranged density-density interaction
form (14). Using standard bosonization techniques [121-123],
we find within the low-energy model

H = Hes + Ve
_v 1P + 8,0
-1 / dx{K[H(X)] + 2] }

+(—1)p%fdxcos(m¢(x) —a—1/2), (94)

where the Luttinger liquid parameter K and the renormalized
Fermi velocity v are defined by

2 —
K=(1+M
TTVF

with uy =a) , u(m) and u, =a)_, u(m)e** ™ corre-
sponding to forward and backward scattering processes,
respectively. Here, u(m — m’) describes the short-ranged

—12
) , v=uvr/K, 95)

Coulomb intefaction between the densities at site m and m’,
see Eq. (14). IT(x) = 0,[@+(x) — ¢_(x)] and @(x) = @4 (x) +
@_(x) are canonically conjugate momentum and field vari-
ables. The chiral boson fields ¢4 (x) are related to the right
and left movers 1ﬁ+ (x) = R(x) and 1ﬁ_ (x) = L(x) via

I — L ipVAT §p(x)
Vp(x) e e , (96)
where % is used for the momentum cutoff (or v/a for the
high-energy cutoff). A subtlety is the phase shift by 7 in the
cosine term of (94) and the undetermined prefactor (—1)7”.
This is related to the commutator [@ (x), §_(x')] = £(2p +
1) which arises from the zero mode phases to ensure the
anticommutation relation of left and right movers. Here, the
value p is an arbitrary integer which will be finally determined
by comparing the boundary charge with the exact solution for
the noninteracting Dirac model.

In order to get an insight into the physics of the interacting
system, it is instructive to perform a perturbative renormal-
ization group analysis [116] using standard operator product
expansion techniques [122]. Reducing the high-energy cutoff
A (with intial value Ay = v/a), we obtain the following flow
equations for the gap |A| and the Luttinger parameter K:

Al =(1=-K)|A|, dt= dA O97)
e ’ A’

dK 2 K2 AP

= _cw, (98)
de 2w v?

with ay = v/A and some unimportant constant ¢ ~ O(1),
which depends on the RG procedure. As one can see, for
repulsive interactions (K < 1), the cosine term in (94) is a
relevant perturbation and the system flows into the gapped
phase while the interaction grows under the RG. This fact
allows one to conclude that the fluctuations of the cosine term
are getting effectively frozen in the renormalized theory and
is of crucial importance in the determination of the boundary
charge in the interacting theory in the following. Although it
seems that the gap grows to infinity under the RG flow (with
K shrinking to zero), we note that the flow equations can only
be trusted until the cutoff A reaches a critical scale A. ~ |A].
(ora. ~ v/|Al), with |A|. = |A|p=a,, at which the flow has
to be truncated.

At half-filling kra = 7, in principle, one also has to con-
sider the umklapp scattering process in the bosonized Hamil-
tonian. However, the umklapp term is RG relevant only for
strong two-particle interactions with K < 1/2 [123]. Bearing
this in mind, we are not going to focus on the umklapp
process in the following by confining ourselves to moderate
electron-electron interactions.

C. Boundary and interface charge

Let us turn to the discussion on the boundary and in-
terface charge quantization in the low-energy description.
We start with the boundary charge Qg of the noninteracting
Dirac model on the half-line x > 0 with vanishing boundary
condition ¥ (0) = R(0) + L(0) = 0, given by

Heff = /Oodx I/IT(X){UF(—Z'BX)O'Z
o .

+ [Alcosaoy — |Al sinaoy} i (x). 99)
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In order to study the quantization of Qg, one has to construct
the single-particle eigenstates of the Hamiltonian. As shown
in Appendix F, there are two distinct types of admissible
eigenstates. First of all, there are two scattering states (labeled
by the nonnegative momentum k) living at energies €; + =
+vvik? + |A|?, corresponding to conduction and valence
bands, respectively. In addition, under the condition sin« >
0, inside the gap, there exists a single edge state sitting
at an energy —|A|cosa [116]. Assuming that the chemical
potential of the system lies at the bottom of the conduction
band, we show in Appendix F that the respective contributions
of the edge and scattering states are

edge s _J1 for0<a<m
5 (@) =Oocaer = {0 otherwise - (100)
’ In(—e®) 1
scatt — B 101
B = Ty (101)

Combining both contributions, one immediately arrives at the
following universal result:

On(@) = %+ ©

Q)= — + —
i 2r ' 4
for —m < @ < m, and periodic continuation to the other inter-

vals. For arbitrary position of the chemical potential in the gap

one has to use the result Q;dge(a) =6(u+ |Alcosa)®gqr

for the edge state charge, i.e., one has to add the integer term
—0(—p — |Alcos®)®py<r to (102). This proves Eq. (6)
stated in the introduction.

Let us emphasize that the low energy result accurately
reproduces the conclusions based on the microscopic theory.
For instance, consider the case v 2 %, ©y = @ = @, so that
according to (82), « = *vg + const, leading to the universal
linear behavior of Qp as a function of ¢ [39,87-89]. At half-
filling v = %, where « is pinned to the values given by (86),
one arrives at the following quantization of Qp

3 +30(=sin (59)).
i+ 20(cos (59)).

again showing complete agreement with the microscopic pre-
diction (54). Finally, in the presence of the symmetries IT,, or
Sy, where « is pinned to @ = (n — 1) p mod(sr ) according to
(93), one finds

Op=nip—1ip+1 mod(}).

Comparing with the exact solution (43) there is a differ-
ence given by the constant —%,b + i which vanishes only
at half-filling. This difference can be traced back to the fact
that the Dirac model contains an infinite set of high-energy
states which are unphysical. Interestingly, this constant can
be shown to be given by the negative boundary charge of
the original lattice model Hy on a half line at zero gap, see
Eq. (G4) in Appendix G. Thus we get the following relation
between the boundary charge of the Dirac model and the exact
one

(102)

for £ even

, 103
for £ odd (103)

Op(p) = {

(104)

Dirac __ nexact __ ~exact
B — XB B

laco. (105)

Next we study the interface charge quantization for the
noninteracting Dirac model. Now the diagonalization problem

is formulated on the entire real line, however, « is now allowed
to be a function of position &« = «(x) with Hamiltonian

Ha = [ vy fur(-id)o,

+ [Afcos[a(x)]oy — [Alsin[e(x)]oy} (x).

In particular, we make the following choice a(x) = O(x)ag +
O(—x)a; and define do = agp —ar. As shown in Ap-
pendix H, one concludes that there are two different types of
states to consider, the scattering states, as well as the in-gap
states localized at the interface. The bound state is present for
sin(6a/2) > 0 with energy —|A|cos(da/2) and contributes
unity to the total interface charge (if occupied). As opposed to
the semi-infinite problem, the valence and conduction (¢; 4+ =

++/ v%k2 + |A]?) band states are now twofold degenerate. In-
deed, for a given energy, one always has two distinct scattering
channels, the one where particles scatter from left to right,
and the opposite one, where particles scatter from right to
left, and hence the degeneracy. Assuming that the chemical
potential is located at the bottom of the conduction band, we
show in Appendix H that the interface charge follows the
Goldstone-Wilczek formula
Sa

0 =5

for s € (0, 27). Values of Q; on other intervals are to be
found from its periodic dependence on S«. Similiar to the
boundary charge one has to add the integer term —6(—u —
[A]cos(8c/2))Bo<sa/2<x for a chemical potential with arbi-
trary position in the gap.

Let us now proceed by studying the effects of the electron-
electron interaction on the quantization of the boundary
charge. We take the bosonized Hamiltonian (94) on the semi-
infinite part x > 0, together with the boundary condition

(106)

(107)

1 . . , N
0=y(0) = F(ezmw+<0) + e VAT (108)

Ta

This requires i~/4w®_(0) = in(2q — 1) — i/47 . (0) with
some integer ¢, leading to the following boundary condition
for (0) = @4(0) + @_(0) (see also Refs. [116,124])
1

p(0) = ——=2g — D=.

®(0) 7 ﬁ( qg—1)
As we have seen in Sec. IV B, the gap |A| increases under
the RG flow, effectively freezing the quantum fluctuations of
@ such that the cosine term in (94) is minimized in the bulk.
This leads to the following asymptotic value

(109)

P(00) = (a + % — pr+ (25 — 1>n>, (110)

1
2J%
with another integer s. With the help of bosonization identi-
ties, we deduce that the boundary charge may be related to the
difference of the values of ¢(x) at x = oo and 0:

o]

1 [ O
== dX(wa(X))—ﬁkp(OO) PO]. (11)

Inserting (109) and (110), we thus conclude

Os

o 1 1
Op=—+-—-p mod(l).

112
2r 4 2 (112)
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Comparing this result with the exact solution (102) with-
out interaction we find that we have to choose p = 0. This
proves the stability of the boundary charge under short-ranged
electron-electron interaction within the low-energy model.

A similar calculation may be done in the case of an
interface charge quantization by using an arbitrary function
a(x) describing the interface. In this case, we get

1 1
0= = [ axlad) = i)~ pi—coll. (113

By using the same procedure as above, we arrive at the
following result:
a(00) — a(—00)
0 =—F
2

which in the case of a(x) = ar®(x) + ;O (—x), reduces to
the noninteracting result, and thus again shows the robustness
of the interface charge quantization. A similiar expression has
been found in Ref. [31].

mod(1). (114)

V. SUMMARY AND OUTLOOK

For generic 1D insulators, we have provided in this work a
complete analysis of symmetry conditions to realize rational
quantizations of the boundary charge. We obtained two inter-
esting results: (a) any rational quantization ’5’ can be realized
if nonlocal symmetries involving translations are taken into
account. (b) Besides the quantization unit % known from local

symmetries we identified a new quantization unit % p, where
p is the average charge per site. This has to be contrasted to
the known quantization unit p for interface charges.

Both the quantization of the boundary and the interface
charge were shown to follow straightforwardly from the trans-
formation laws of the boundary charge under translations and
local inversion. These fundamental principles are physically
very intuitive and were rigorously related to the intriguing
property of insulators that local perturbations lead only to
local charge redistributions. Therefore all our results were
proven to be stable against static random disorder and short-
ranged electron-electron interaction. We demonstrated this
explicitly by using exact diagonalization, DMRG methods,
and bosonization calculations. In addition, the stability of the
quantization of the boundary charge was recently analysed
via functional renormalization group (fRG) studies for the
interacting Rice-Mele model and the same conclusions were
found [125]. Besides the boundary charge also other quantities
were studied with fRG for this model like the full density
profile and the precise form of edge states, where interaction
effects have a more subtle effect. In the future, it will be of
interest to study also other quantities like density-density cor-
relation functions in the presence of a boundary. In addition,
fluctuations of the boundary charge are of relevance. While
the overall size of fluctuations is expected to be small [33-39]
when the gap is finite, it will be of interest to reveal universal
properties of the fluctuations and to study their topological
nature [126].

In addition to the general framework we have provided
in this work an interesting application to identify a novel
quantization class e/4 in the special case of single-channel
and nearest-neighbor hopping models at half-filling. As a

function of the phase variable controlling the offset of the po-
tential modulation we found Weyl physics close to gap closing
points and demonstrated the stability of the quantization of the
boundary charge in contrast to the Hall current. We suggest
such systems to be realizable in cold atom systems [91,92],
in carbon based materials [93,94] or phononic crystals [101].
Other promising candidates could be quantum dot arrays as
outlined in Ref. [39], where control over all model parameters
is possible. As shown in Appendix I, the quantization of the
boundary charge is already visible for an array size of ~20-30
dots, which is within experimental reach.

As shown in Refs. [39,87-89] the transformation law of
the boundary charge under translations is also responsible for
the quantization of the average linear slope of the boundary
charge which is of fundamental importance for the under-
standing of the integer quantum Hall effect [87]. For a finite
system of size commensurable with the unit cell size, it was
found in Ref. [39] that the sum of the boundary charges at
the left and right end of the system is zero (up to an integer).
This is equivalent to the result proven rigorously in this work
that the boundary charge changes sign under local inversion.
The fact that the transformation laws are also responsible for
rational quantization values of the boundary charge demon-
strates the topological nature of the boundary charge and its
usefulness for the characterization of topological insulators.
This is of particular advantage compared to other topological
indices, since the transformation laws are perfectly valid in
the presence of disorder and interactions, as demonstrated in
the present work.

Of further interest is the specification of the unknown in-
tegers in the transformation laws. They are related in a subtle
way to bound states occurring at boundaries and interfaces.
Therefore their knowledge is of importance to establish a
link between the boundary charge and the appearance of
bound states. This question has been analysed recently in
Refs. [88,89] for the special case of noninteracting single-
channel and nearest-neighbor hopping models. If only one
band is occupied (i.e., p = %) it was shown that the difference
(n—n'); —(OF, — Q% ) is a quantized topological index
related to the winding number of the gauge-invariant phase
difference of the Bloch wave function between site m = n and
m = n'. The same index describes the quantity (n — n/)% +
(Qf ,—1 — Q% »_1)- In addition, it was found that the sum of
the boundary ’charges left and right to a common boundary is
given by the winding number of the phase difference of the
Bloch wave function between the first and last site of the unit
cell starting at the boundary [127]. As a result, the topological
index defined via the winding number of the phase difference
of the Bloch wave function between different sites has a direct
physical meaning and controls the transformation laws of the
boundary charge in a unique way. Therefore it will be of high
interest in the future to find analogous rules for multichannel
systems via non-Abelian versions of these winding numbers
[128].

The framework developed in the present work can be
straightforwardly generalized to other systems with a con-
served quantity like, e.g., the boundary spin occurring in
superconducting systems [129] or spin systems [130]. The
underlying foundation for the transformation laws of the
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boundary charge is charge conservation and the presence of a
gap. Therefore, if the spin in a certain direction is a conserved
quantity analogous quantizations of the boundary spin are ex-
pected for insulating materials in the presence of symmetries.
The same applies for the quantization at interfaces. Moreover,
via dimensional reduction, we expect our results to be also of
relevance for higher-dimensional systems.

Finally, looking toward an application of the developed
framework to realistic materials, it would be interesting to
study in future how the symmetry constraints affect spin and
orbital degrees of freedom, to include long-range hoppings,
and to introduce self-consistency into the treatment of the
charge distribution near the boundary by including a spatial
modulation of the tight-binding parameters in its vicinity.
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APPENDIX A: LOCAL VERSUS NONLOCAL
SYMMETRIES

In this Appendix, we provide a summary of our conven-
tions to distinguish between local and nonlocal symmetries.
Although this being standard (see, e.g., Ref. [60]), conven-
tions sometimes differ in the literature and the material might
be helpful for readers not so familiar with the precise defini-
tions of the various symmetries.

For a given Hamiltonian H, there are four kinds of sym-
metries, depending on whether the symmetry operation com-
mutes/anticommutes with H and whether it is unitary or
antiunitary
SHS' = —H,

UHU' =H, (A1)

THT' =H, CHC'=—H. (A2)

Here, U and S are unitary operators, whereas 7 and C
are antiunitary operators. S is called a chiral symmetry, T
a time-reversal symmetry, and C a particle-hole (or charge
conjugation) symmetry. The antiunitary symmetries 7' and
C consist of a combination of unitary operations Ur and
Uc with complex conjugation K: T = UrK and C = UcK.
The operation K of complex conjugation requires a basis
in which it is defined. Here, we take always the real-space
representation in terms of |mo), where m is the lattice site
index and o the channel index.

To distinguish local from nonlocal symmetries one needs
to specify the unit cell and write the total Hilbert space as a
direct product of the space within the unit cell (labeled by the
site index j = 1, ..., Z and the channel index o =1, ..., N,
for each site) and the space of all unit cells labeled by the
integer n. In the 1-particle subspace, the tight-binding model
(7) can then be alternatively written as

H=7 h@®)®In+7)nl,

n,t

(A3)

where h(t) are ZN, x ZN, matrices describing the coupling
of unit cell n with unit cell n 4 7 (the lattice site index m used
in (7) is related to n and j by m = Z(n — 1) + j; note that T
has a different meaning compared to § used in (7), the same
applies for the symbol /). A local symmetry is then defined by
a symmetry with respect to the Hamiltonian A(7) (i.e., it acts
only within the space of a single unit cell) and, in addition, is
independent of 7

Uh(D)U" = h(r). Sh(D)S" = —h(r).  (Ad)

Th(t)T' = h(r), Ch(r)C" =—h(r).  (A5)

Using the Fourier transform A(k) = >, h(t)e ** with real
quasimomentum —mx < k < 7, this can also be written as

URKU' = hk).  Sh(K)S" = ~h(k), (A6

Th(—k)T" = h(k), Ch(—k)C" = —h(k). (A7)

Within our convention, a nonlocal symmetry can not be
written in this form. There are three possibilities. (1) The
nonlocal symmetry can be written as a local one by taking
another choice of the unit cell. (2) The nonlocal symmetry
acts within the space of a single unit cell but depends on t
(or, equivalently, on the quasimomentum k). (3) The nonlocal
symmetry does not act within the space of a single unit cell
whatever choice one takes for the unit cell, i.e., can only be
written with respect to the total Hamiltonian H. For n # 0,
the symmetries IT, and S, defined in Eq. (35) are nonlocal
symmetries within our definition. Examples for cases (1) and
(2) are discussed in the paragraph following Eq. (40) via
special cases for the symmetry IT,. The case (1) is discussed
extensively at the end of Sec. I B 3 when the local symmetries
[Ty or Sy are present but not with respect to the unit cell
starting at the boundary of the semi-infinite system. For n # 0,
the symmetry S, is an example for case (3).

APPENDIX B: STABILITY OF NSP: DMRG ANALYSIS

In this Appendix, we analyze the influence of static random
disorder and short-ranged electron-electron interaction on the
boundary and interface charge by using exact diagonalization
and DMRG. For particular examples we demonstrate that the
interface charge (22) is independent of the interface coupling
Vi (up to an integer), and we show that Eqs. (26) and (31) for
the boundary charge are generically valid.

We start with the interface charge and demonstrate in
Figs. 9 and 10 that Eq. (22) holds even in the presence of
random disorder as well as short-ranged electron-electron
interaction, respectively. We consider an interface of the fol-
lowing form: Take initially two decoupled chains of the form
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@] 14 (b)

FIG. 9. Stability of Eq. (22) with respect to random disorder. The
figure shows Q0 — 0%, — OF  for the same parameters as used
in the left column (Z = 4) of Fig. 6 at ¢ = 7 /4, where the gap
is maximal (but at finite size N = 1000). The relative shift of the
chains left and right to the interface are (a) s = 0 and (b) 1. We take
half-filling instead of © = 0 here. Random disorder drawn from a
uniform distribution [—d /2, d/2) is added to the onsite potentials
and p describes changes to the interface properties (see main text
for details). As the properties of the interface are swept through
Q150 — Qf o — Of , only changes mod(1).

as defined by Eq. (50). We want to include changes where the
potential form of the right chain is shifted in the variable ¢
with respect to the left one by an integer multiple of 27” This
means ¢ — ¢ + s2%, which effectively shifts the right lattice
by s sites compared to the left one. In Eq. (22), this means that
n=sandn = 0.

To define a single parameter p, which changes the inter-
face’s properties continuously, we consider the link between
the rightmost site of the left lattice to the leftmost site of the
right lattice to be i,k = |p|/2 and add an onsite potential of
size p to both of these sites. Therefore p = 0 is the decoupled
case of two chains without an additional onsite potential at
the edge and for negative p charges tend to get trapped at the
interface, while for positive p they are pushed out. We add a
quenched disorder following Eq. (15) for the results in Fig. 9

L 1A ]
el @ | 1 ®)
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|
E 0 0

I S o

d 403 403

—Uu=1. —u=1.
Q)_l- T T T _1- T T T
8 4 0 4 8 8 -4 0 4 8
p p

FIG. 10. Stability of Eq. (22) with respect to interactions. The
figure shows Qj s — Qlévo — ngs for the same parameters as used
in the left column (Z = 4) of Fig. 6 at ¢ = 7 /4, where the gap is
maximal (but at finite size N = 200 and with larger V/t = 1.2). The
relative shift of the chains left and right to the interface are (a) s = 0,
and (b) s = 1. We take half-filling instead of « = 0 here. p describes
changes to the interface properties (see main text for details). As the
properties of the interface are swept through Q; ;0 — 0% , — O% _only
changes mod(1). ' '

(@ (b)
0 0
— 00+ 05, — 050 +05,
QB.] - Ql[;,() QB,I - QB.U
-0.54 -0.5+
0 0.25 0.5 -1 -0 1
d u

FIG. 11. Stability of Egs. (26) and (31) with respect to (a) ran-
dom disorder and (b) interaction. We work at half filling such that
p=1/2.08 — 0%, = pmod(l) is shown to demonstrate Eq. (26),
while 0% ) + O , = 0 mod(1) illustrates Eq. (31). The parameters
are the same as in Fig. 9.

and a electron-electron interaction following Eq. (62) for the
results in Fig. 10. Since we concentrate on nearest-neighbor
interaction we additionally scale the interaction over the inter-
face bond by p, such that p = 0 is the limit of two decoupled
chains. Clearly Eq. (22) remains valid in both cases.

Next we study the influence of static random disorder
and short-ranged electron-electron interaction on the trans-
formation laws (26) and (31) of the boundary charge under
translations and local inversion, see Figs. 11(a) and 11(b). Up
to rather large values of the disorder and the electron-electron
interaction both transformations laws remain perfectly valid,
as expected from the NSP.

APPENDIX C: STABILITY OF NSP:
ONE-CHANNEL SYSTEMS

In this Appendix, we demonstrate the validity of Eq. (22)
(with n = n’ = 0) for a model of two noninteracting single-
channel nearest-neighbor chains coupled with each other via
a tunable hopping amplitude. It is explicitly shown that (22)
holds for any strength of the link.

Let us consider the Hamiltonian of the infinite chain H =
Hg + H;, + V; consisting of the three parts

Hg =Y _{In){n| ® h(0) + |n+ 1)(n] ® k(1)

n=1
+n)(n + 1| @ h(—=1)}, (@)
0
Hy = Y {In){n| @ h(0) + [n}(n — 1] @ h(1)
+ln— 1)(n| @ (1)}, (€2)

Vi=Ailln=1{n=0[®h(1)+|n=0)n=1&h(-1)],
(C3)

which describe the right semi-infinite chain, the left semi-
infinite chain, and the tunneling between them, respectively.
Here, in contrast to the lattice site index m, the index n
enumerates unit cells. Both Hr and H; describe the lattices
with the same structure of a unit cell, which is encoded
in h(0) = Y7_, vl /)l — X700 (NG + 1+ 1+ DD,
h(1) = —tz|j = 1){(j = Z|, and h(—1) = A'(1), i.e. charac-
terized by Z sites j = 1, ..., Z per unit cell, a single orbital
(channel) per site, and by the same values for hoppings ¢;
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and onsite potentials v;. The tunneling amplitude Az; between
the two subsystems is quantified by the real-valued parameter
A > 0. Its special values A = 0 and 1 correspond to the cases
of the two decoupled semi-infinite chains and the transla-
tionally invariant infinite chain, respectively. A restoration of
the translational symmetry in the latter case is guaranteed by
the perfect matching of the unit cells touching each other at
the interface.

Due to the same structure, the Hamiltonians Hy and Hj
appear to be isospectral, and their extended eigenstates can be
therefore labeled by the same band index & and quasimomen-
tum k on the both sides from the interface. Moreover, these
quantum numbers can be also used for a construction of scat-
tering eigenstates of the coupled system, since eigenenergies

,Ea) of the extended states remain independent of A, and they
can be ultimately evaluated from the bulk Hamiltonian, i.e., at
A = 1. On the basis of this observation, we make the following
ansatz for the two distinct scattering eigenstates additionally
labeled by either  or [:

n<0

V2

Onz1 @) @) ik
+ =" %" (e
/27_[ k k

@n?l[ (a)(])e zkn+r/(a) a)(])elkn]

V2r

BOn<o i
+ n t]i(a))((_();()(])e lkn’

V2

with k € [0, 7]. Both \*" and ¥*" as well as the bulk
Bloch states Xﬁ) correspond to the eigenenergy e,ﬁa). In the
following, we focus on the band « and omit the band index
for brevity.

Inserting the ansatz (C4) and (C5) into the eigenvalue
problem, we establish the scattering matrix

v, ) = =" D + i x 8 (e ]
(C4)
v, ) =

(C5)

178 Vl/c
Sy = (r t/)' (C6)
k k
Its components read
o 62i¢k — 1 7
h =t = Dt _ 2" (C7hH
)"2 — 2
_ o (Z)
= oz, (C8)
2 —1 Qigy —2ign(Z
r, = o )LZE i1 o=2i0u(2Z) (C9)

where ¢, = ¢ (Z) — @ (1) — k is a gauge-invariant phase dif-
ference expressed in terms of the gauge-dependent phases
or(j) of the complex-valued components x(j). By a direct
calculation one can confirm the unitarity property SZSk =1,
which implies both the orthogonality of t/f,f“’r) and w,ﬁ“’l) as
well as their proper normalization.

The interface charge Q;a) associated with the band «
consists of the Friedel part Q;f’) and the polarization part Q;f‘)

by using the following splitting based on Eq. (18):

;0() — (01) +Q(tx) (C10)
oo
=" [p0m) = pih m)]fm).  (Cl1)
> 1
= [ebam = | rom. €12)
m=—00
with m=2Zn—-1)+j. Here, P (m) = -

ffﬂ dk| X;Ea)( j)|2 is the contribution from band o to the
charge at site m from the bulk Hamiltonian. As shown in
E(} (30), the polarization part to the interface charge vanishes
0 P"‘) = 0. In turn, the Friedel part Q(“) = Qr amounts to

0=y [ —rka (e (i)
n=—0oo
0 T k VA
+ Z/ ]’(ZX ( )e2l(k+m)n (C14)
n=1
T dk iet*
=—1 — (= 2())——, (C15
+/_n i rpglxku)zsink, (C15)

where n — 0T is a convergence factor. The last equality is
only valid for A% # 1, since the limits A — 1 and n — 0% do
not commute. In the translationally invariant case A = 1, there
is no reflection at the interface, and one simply gets Qr = 0.

In the following, we prove that in general QF takes only
integer values for arbitrary A.

Let us introduce the two gauges: (I) x} with 2@ =1,
i.e., the last component is real; and (II) X,}I with eZ () = 1,
i.e., the first component is real. Apparently, x H etk XkI-
Next, we express the quantity O + 1 in the m1xed form

k| -1, & ie'
_ ] _ ik I 2
/,ﬂ 2 P T ;[ Ay
-1l & ie~ik
e S P Cl6
R e = Eat) 2sink (C16)

In Ref. [89], we established that the components of the
Bloch state in the gauge I have the form

fI —ik +gI

VN
VN

where fI, gg, and s are real-valued polynomial functions of
€, and N,} =s>+ Z]Z;ll |ije_”‘ + gg-lz. In that paper, we also
noted the following relations:

it ] 5 U s

T N

wih="—=" 1<j<z-1. (@1

XN(2) = (C18)

, (C19)

j=1
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zZ . ik
S D e
X 2sink

J=1

e S+ Al
NI

~ 2sink | <
j=l1
I+ d 1 isink I
=—1I . (C20
m[xk ak” :|+251nk ngl (€20)
In addition, it is also possible to derive the relation
sink % I I 1 ds
= C21
Z T 2sdk’ ( )
j=1
Hence,
VA . ik
2 ie
> L] 2sink
j=1
I+ d I icosk ids
=1 ———. (C22
m[xk ak* } 2 sk " mae €2

Let us now establish similar relations for x L We note that
the Bloch state

I <0 fikl(ll)x(Zl)) |
Xk

= C23
Xk 1 0 ( )

is the eigenstate corresponding to the redefined unit cell,
which begins with the site 2, has the prelast site Z, and ends
with the site 1. Moreover, the component X (Z) is real, and
then by analogy with (C22), it holds

ik

z 2 ie
Z[ ( )] 2sink

j=1
m: 4 _11 1  icosk ids
= -1 - = - ——, (C24
m[ X dkxk} 2 T 2eink s Y
where § is a part of the representation for XH, which is

analogous to (C17) and (C18).
From (C23), it follows that

d d
Im[ kn.ﬁ II}_I [X’}ITdk ]+| Az -1,

(C25)
and thus we find that
Zz —ik
0, .2t
Z[ v )] 2sink
j=1
z
=Y WO 5ozt @f
j=1
o4 1 1 icosk i ds
S - — - ——. (C26
m[xk dkxki|+2+2sink swak 0

Inserting (C22) and (C26) into (C16) and accounting the
symmetry properties of integrands under the reflection kK —

—k, we obtain

Lo [Tk e V=1 L
QF+ = 77[% ( —A2_625¢ke
1+ d 1 m: 4 oy
x(lm|:xk E :|—Im|:xk dk +1

A2 —1 2i 1 d In(s%)
idy _
+Im|:—)\2_e2i¢ke ‘](cotk T )}
(C27)

From the transformation between the two gauges, we ob-
tain the relation

1+ d 1 ;4 A1 d¢x
I =—-1——. (C28
m[xk dek} [X" ak } a
A less obvious identity
s5sin® ¢y = g1 | sin k= nt sin® k (C29)
follows from the identifications
< | ik
S fitsiet (C30)
Jam N
—ik 1
s ot — fZ 1€ +g1271 (C31)

I [y
N Ne
and the observation gI 1 = ]—[]Z 't ; which can be made

on the basis of expressions quoted in Ref [89]. Differentiating
(C29) with respect to k yields

1 dln(ss) d¢k
cotk — = —
2 dk otdy

With help of (C28) and (C32), we cast (C27) to

T dk P
_ _ _ ik | 27K
QF+1—/_H 271{ Re[k2_62i¢ke k} -
=1, doy
i
+Im|:)L2 — ki| cot ¢ 7 } (C33)

(C32)

Making the change of the integration variable k — ¢ and
accounting possible multiple windings of the phase ¢, which
are quantlﬁed by the integer winding number wn[¢;] =

[T, A emitn 4 i we express
x 2mi€

T de V=1
Or + 1 = wn[¢y] - E{—Re[me

M—1
+Im me C0t¢

= wn[¢y] sign(A? — 1). (C34)
For the two decoupled chains (A = 0), we obtain
W =—1—wn[p"'] = wn[p” (1) — 9 (2)], (C39)

i.e. an integer number. This result persists in the whole range
0<A<.
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We conclude that the total interface charge Q;(1), which
might also include integer edge state contributions, is a sum
of integers for any A, and therefore Q;(A) = 0 mod(1). On
the other hand, since Q8 + Q% = Q;(1 = 0) by definition, we
find QR + Q% = Q;(1) mod(1), in agreement with (4) for the
model discussed in this Appendix.

APPENDIX D: BOUNDARY CHARGE
AND ZAK-BERRY PHASE

This Appendix provides the analysis of the fundamental
transformation laws of the boundary charge under translations
and local inversion via the relation to the Zak-Berry phase
(which is only possible for the special case of noninteracting
and clean systems).

For the special case of noninteracting and clean systems,
the boundary charge Qf = OF | can be related to the Zak-
Berry phase yg = yg o according to [42—44]

R_ _ TR
O = 27

The Zak-Berry phase is defined with respect to the Bloch
eigenstates of the bulk Hamiltonian which can be written as

mod(1). (D1)

1 .
(a)(m) - u(ﬂt)(m)ezkm’ (D2)
% NG
where —7 < k < 7 defines the first Brioullin zone, o =
1,...,N.Z is the band index, and g,(f)(m) = g,(f‘)(m + Z) are

periodic vector-functions forming a complete, orthogonalized
and normalized set of states within the unit cell space for each
given quasimomentum k (note the difference up to the factor
1/Z in its definition as compared to the previous Appendix)

W) = buer. Y uNuP| =1, (D3)

with (u|u') = Z,Zn _, u'(m)u' (m). Conventionally, one chooses

the periodic gauge @ = 1//2‘:)2” such that only a phase factor
- Tz
¢ with

() (o)

P =P mod(27) (D4)
Z

leaves a gauge freedom to the Bloch states. As a consequence,
)

the Zak-Berry phase ylg = ylgfy()) for a single band, defined by

n/Z
v =i f dk (| 9u) + 27 Pon,  (DS)
—n/Z
is undetermined up to multiples of 27. The last term is the
contribution from the polarization of the ions per band and
per unit cell defined by

VA
1 m 1+Z
Pon = —= =5 = >
¢ Z;Z 2Z

which is again undetermined up to O(1) when the point of
reference is shifted by multiples of a lattice vector Z. The total
Zak-Berry phase yg is defined by the sum over the occupied
bands

(D6)

D7)

v
YR = Z V;&a)-
a=1

The Zak-Berry phase depends in a subtle way on the defini-
tion of the unit cell. This is the point where the precise position
of the boundary enters. For a given boundary of the system,
the convention is to start the unit cell with the first site at the
boundary. If we take the semi-infinite Hamiltonian Hgy = Hg o
this gives the same unit cell as for the bulk Hamiltonian Hyyk.
For Hg , and H; , different definitions and inversions of the
unit cell have to be taken leading to corresponding changes of
the Zak-Berry phase denoted by ylgi"n) and yL(f)‘n) for each band
«. Equation (D1) then reads

R
QB,n =

YR hed(1),

(D8)

QL _ YL.n
B,n 27T

where ygr, and yp , are the Zak-Berry phases summed over
the number of occupied bands

mod(1), (D9)

YRILn = D VR (D10)
a=1

We note that the relative minus sign between the Zak phases
for a semi-infinite system with a left or right boundary is a
consequence of the convention that the quasimomentum is
defined positive when pointing away or towards the boundary,
respectively.

To get the relation between yg, and yg we consider a
translation m — m + n and get the following change of the
Bloch wave (D2)

1

Yi(m) = T (e, (D11)
@ (m) = u® (m + n)e", (D12)

Obviously, the transformed Zak-Berry phase ylgf’n) for Hg,
defined via (D5) with respect to Q,(f‘) is then given by

@ _ @ 27

= — D13
YR.n R n 7 ( )

which, via (D1), (D8), and (D10), leads to the transformation
law of the boundary charge under translations

05, =05+np mod(l).

The Zak-Berry phases yg and y;, are the same since they
are defined with respect to the same lattice and the same unit
cell. Using (D8) and (D9) for n = 0, this leads directly to
the transformation law of the boundary charge under local
inversion

(D14)

O + 0 = mod(1). (D15)

Although this might look very straightforward and com-
parable to the effort needed for the proofs based on the NSP
presented in the main part of the paper, this is only possible
for noninteracting and clean systems and even in this case, the
real work is hidden in the proof of the surface charge theorem
(D1). This involves the detailed consideration of Wannier
function representations as in Ref. [43] or using charge
pumping arguments for noncyclic processes as in Ref. [48].
Whatever proof is used for the relation of the Zak-Berry phase
to the boundary charge, the underlying principle is always the
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NSP. Therefore, instead of using the surface charge theorem,
we have preferred in this work to prove the central relations
(D14) and (D15) directly from the NSP to show the deep
connection to this principle and to include also the case of
short-ranged electron-electron interactions and static random
disorder.

APPENDIX E: SYMMETRIES FOR SINGLE-CHANNEL
AND NEAREST-NEIGHBOR HOPPING MODELS

In this Appendix, we prove the symmetry conditions (52)
and (53) for the special case of a tight-binding model with
one channel N, = 1 and nearest-neighbor hopping § = 0, £1.
In this case, the model is parametrized by Z on-site poten-
tials v,, = v,4+z and Z nearest-neighbor hoppings #,, = t,,,+z
defined by

Un = hm(o) = v:;,v by = _hm(l) = _herl(_l)*- (ED)

Without loss of generality one can choose all 7, > 0 real
and positive since possible phases can be gauged away by a
unitary transformation (see, e.g., Appendix A in Ref. [89] for
a proof). The unitary transformation U,, must be a phase factor

Un= eilﬂm Om = Pm+z- (E2)

Inserting these equations in the symmetry condition (39) for
I1,,, we find

Um = VZ—m—n+1> (E3)

by = e~ 1 Pz-mn—Pz-m-n+1 )tZ—m—n~ (E4)

Since t,, and t7_,,—, are both positive this can only be fulfilled
for U,, = U,,+| which is just a homogeneous and trivial phase
factor. Therefore we can set U,, = 1 and find the condition
(52).

Considering the other symmetry condition (40) for S, we
find

Un = —Um—n, (ES)
by = _eii(wmfrwrl7¢7mfn)tz_m_n. (E6)

Since t,, and t;_,_, are both positive this requires U,, =
—U,,+1 which, up to an unimportant common phase factor, is
only realized for U,, = (—1)". This proves the condition (53).

APPENDIX F: BOUNDARY CHARGE FOR DIRAC MODEL

In this Appendix, we determine all eigenstates of the semi-
infinite Dirac model (99) and prove Eqgs. (100) and (101). We
start with solving the eigenvalue equation

[~ivro3d, + [Al04e® + o_e Y (@) = e @), (F1)

with o4 = 2(0,6 +ioy), Y(x) = (R(x), L(x))T, and the
boundary condition R(0) + L(0) = 0. There are two distinct
spectral regions: (I) |€| < |A|, and II) |e| > |A|. In the region
I, we find a single bound state solution for sin > 0 at energy

€ = —|A| cos «a, whose wave function is given by
1Y) —«
ylx) = ﬁ(_l)e Y, (F2)
with k = M In the second (II) spectral region, we find

a continuum of scattering states labeled by the momentum

k € [0, oo) and corresponding to the two bands with energies

€+ = TV v%k2 + |A]? = +¢;. The eigenstates of the lower
(valence) band have the following form

1 —| Al i —|Ale® ik
et —s e
27N, | \vrk + € K\ —vpk + ¢ ’
(F3)

v, =

with the normalization factor
= |AP + (vpk + €)® =2 (e +vrk)  (F4)
and
|Ale® — vpk — €

= 2 . F5
Sk |Ale® + vpk — € E5)

We note the helpful properties

2 € + vrk
lsk|” = ——

SkS—kp = 1. (F6)
€ — Vpk

Assuming that the chemical potential is located at the
bottom of the conduction band, the bound state is occupied
for 0 <« < m, and all valence band states w are filled.
Neglecting the strongly oscﬂlatmg parts [prov1d1ng unimpor-
tant corrections of O( - kl") <« 1], the contribution of each
eigenstate to the density is given by

Y)Y () = [R)P + L) (F7)

We denote the contributions of the eigenstates wl and w to
the physical density by py(x) and py(x), respectively. ThlS
gives for the total density relative to the average bulk density

)

Py (x) =

p(x) —p = pr(x) + dpn(x), (F8)
e 1

5 pui(r) = / dk [m(x) - —] (F9)
0 T

and, according to the definition (16), the boundary charge
follows from

05 = /0 dx[p(0) — pIf () = O, + QL (F10)

Qp = /0 dx pr(x)f(x), (F11)

5 = / dx 8 pu(x) f (x). (F12)
0

For the envelope function f(x), we choose the form f(x) =
e~ with infinitesimally small n — 0.
The bound state is occupied for 0 < o < 7 and gives an
integer contribution to the boundary charge
[e.¢]
Oy = f x|y ()] = Opcger- (F13)
0
This proves Eq. (100).

To calculate the scattering part QY to the boundary charge
we use (F3), (F4), (F5), and (F6) and find after a straightfor-
ward calculation

|A]

eZikx |A|
Spn(x) = _Z dk c
—00 k

— € cosa — ivpksina

€ — |A]cosa
(F14)
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Inserting this result in (F12) and performing the integration
over x, we obtain

T Y UF sino

B™ 4 4n ) o elex — |Alcosa)
1 In(—e€®)
= -4 —. F15
4 + 2mi (F15)

This proves Eq. (101).

APPENDIX G: BOUNDARY CHARGE AT ZERO GAP

For the tight-binding model Hy, given by (64), restricted to
the semi-infinite system m > 0, the eigenfunctions are given
by (weseta = 1)

Yi(m) =

1
V2T

with 0 < k < . For filling p = kp /7, this leads to the fol-
lowing charge p(m) at site m:

(eikm _ e—ikm)’ (Gl)

kr 1 kg )
pon = [ aion =~ [ " akeip. @
0 27 J 4,
Inserting this result in the formula (16) for the boundary
charge Qp = OF, we get

Op = 1 /k,,. " i Zikmf( )+ kr
B= T an i :7008 m 21’

Choosing f(m)=e """, we find Y o e*™mf(m)=
(k) and obtain for the boundary charge of Hy at zero gap

QOp = —3 + 37 (G4)

This single-band model can be differently represented in
terms of uniform unit cells with Z sites. This is especially
useful, if we have in mind to add a Z-periodic perturbation
on top of Hy (64). In the new representation, the single cosine
band folds into Z bands with the reduced Brillouin zone
(RBZ) [-7, 7), the adjacent bands touching each other either
in the center or at the edges of the RBZ. Choosing kg /7 of the
original model to be rational, ’;—r = %, we occupy v bands in
the folded representation, and (G4) then reads

0p = 1 n v
P4 Tz
Adding a Z-periodic perturbation generically opens Z — 1
gaps between all Z bands. Having the chemical potential in
the vth gap, we can evaluate the correction to (G5) due to the
perturbation by means of the low-energy theory developed in
Appendix F.
This consideration clarifies the physical meaning of
Eq. (105).

(G3)

(G5)

APPENDIX H: INTERFACE CHARGE FOR DIRAC MODEL

In this Appendix, we consider an interface between two
Dirac models according to the Hamiltonian (106), where the
phase a(x) of the gap parameter depends on x. We will prove
the Goldstone-Wilczek formula (107) for the interface charge
for the particular choice a(x) = ap®(x) + o, O(—x). We de-
fine the parameter oo = ag — ar. The eigenstates follow from

the equation

[—ivro3d, + [ Al + o_e )Y (x) = ey (v),
(H1)

with 02 = (0, £ioy) and ¥ (x)" = (R(x), L(x))". Like
in the case of the semi-infinite Dirac model discussed in
Appendix F, we separate the spectrum of the Hamiltonian into
two regions: (I) €] < |A] and (II) |e| > |A].

The bound state solution appears for sin(dee/2) > 0 with
energy € = —|A|cos(§/2), and is given by

/ 1
z[(x) = g(_e—i”?j“L)e_Kl)dv
Al

with © = 7= sin(8er/2). If it is occupied it gives an integer
contribution to the interface charge.

For each energy |€;| > |A|, the extended eigenstates can
be chosen as scattering states within two scattering channels.
The first one (denoted by the index r)

O(—x) ix

(H2)

P = - [x, & + 7 iL’ike_”“]
o) i
+ Etk iR,ke (H3)

represents the scattering of a wave incident on the interface
from the left. The second scattering eigenstate (denoted by
the index /)

@()C) —ikx / ikx
zl((l)(x) = o [lR,—ke “t Ty iR,kek ]
O(—x) ik
et (H4)

represents the scattering of a wave incident on the interface
from the right. In above expressions, k € [0, co) stands for
the momentum quantum number, and

! —| A
lR/L,k - m( vrk — € ) (H5)
are the normalized Bloch eigenstates of the right-sided (x >
0) and left-sided (x < 0) bulk Hamiltonians with eigenener-
gies € = t¢.

The scattering amplitudes 7, #; and r,# can be deter-
mined from the continuity condition at the interface

Y00 =307, (H6)
This results in the expressions
, |A(eiex — for)
e =r, = , — (H7)
(e —vpk)et — (e + vpk)e'r
Qupke™®
K= e —  (HY
(e + vpk)e*r — (e — vpk)e'™
2upke®*
i e (H9)

= (e + vpk)ei — (e — vpk)eir

By an explicit calculation, one can readily verify the fulfill-
ment of the unitarity conditions

2 2 2 2
™+ el = |51 + " =1,

*r, +rit, = 0.

(H10)
(H11)
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For a filled valence band, we choose € = —¢; and identify
the extended states’ contribution to the interface charge

00 0o 2
I _ / dx f(x) /0 dk(|w,§’)<x>|2+|1/f,£”(x>|2—;)

|A| 00 0 eZikx
=— / dxf(x) / dk—ry,.
T Jo —00

(H12)
€k

As one can conclude from (H7), this quantity periodically
depends on 6o = g — «p. Evaluating (H12) for §a € (0, 2m)
with f(x) = e, 5 — 0T, we obtain

8
I_ 2%

- (H13)

Putting the chemical potential at the bottom of the conduction
band, we receive an additional contribution Q} =1 from the
edge state (H2), which is present for every value of d¢, and
obtain the resulting expression (107) for the total interface
charge.

APPENDIX I: FINITE SMALLER SYSTEMS

In this Appendix, we show that the quantization of the
boundary charge according to Fig. 6 is already visible for a
tight-binding chain of ~20 sites. As demonstrated in Fig. 12
for N = 24 lattice sites the quantization can be demonstrated
robustly as long as larger V can be accessed such that the
localization length becomes small compared to the lattice size.

The results shown in Figs. 6 and 12 can be easily under-
stood in the atomic limit V >> r: The dominant contribution
to Qp comes from the polarization charge Qp (C12), while an

Z=4 Z=06
1/2 @ 3/4 ®)

1/4
5 5 VA
S Ql
A \

0.6 —
3.0

v
—V
-172 -3/44
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(4 (7

372 2n

FIG. 12. The same as the center row of Fig. 6, but for small N =
24 and two values of the V.

eventual integer-valued Friedel charge contribution (C11) is
exactly canceled by edge state contributions. To compute Qp,
we use the elaborated expression (see Ref. [89] for details)

1 z2 z 1
0=~ ZZJQX“”(J')F - z)’ (I

a=1 j=I

where the occupied bands € are approximately given by the
potential components v; < 0 (one can even associate 7 with
the band index « sorting v;’s in the ascending order for each
value of ¢). The corresponding eigenstate x *’(;j) possesses
the only unity component x @ (j) = 1, while x @ (j # j) =
0. The plateau values in the discussed figures then immedi-
ately follow from (I1). [It can so happen that two eigenstates
v;,(¢) and v;,(¢) become degenerate at some value of ¢, and
then it is necessary to consider \/% {x©@(j) £ x@)(j)} for the
eigenstates. This, however, does not alter the plateau value
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