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Abstract. In this article, we report a distinct convolution theorem developed for the Kubo-Greenwood
formula in Labyrinth tiling by transforming the two-dimensional lattice into a set of independent chains with
rescaled Hamiltonians. Such transformation leads to an analytical solution of the direct-current conductance
spectra, where quantized steps with height of 2gp are found in Labyrinth tiling with periodic order along
the applied electric field direction, in contrast to the step height of go observed in the corresponding square
lattices, being go the conductance quantum. When this convolution theorem is combined with the real-
space renormalization method, we are able to address in non-perturbative way the electronic transport in
macroscopic aperiodic Labyrinth tiling based on generalized Fibonacci chains. Furthermore, we analytically
demonstrate the existence of ballistic transport states in aperiodic Labyrinth tiling. This finding suggests
that the periodicity should not be a necessary condition for the single-electron ballistic transport even in

multidimensional fully non-periodic lattices.

1 Introduction

The search for a simple and direct relationship between
atomic scale arrangement and macroscopic properties of
a material constitutes a principal task of the materi-
als science. For example, the Bloch theorem establishes
extended electronic wavefunctions and then a ballistic
conduction if the atoms of a crystal are periodically
ordered [1]. At the other extreme, for an amorphous
solid with randomly arranged atoms, the scaling analysis
indicates only exponentially localized eigenstates in one-
dimensional (1D) and two-dimensional (2D) systems [2].
There is a wide range of structural disorders in between,
such as the quasicrystals discovered by D. Shechtman in
1984 [3], which possess a long range rotational order with-
out periodicity. Based on the Lebesgue’s decomposition
theorem, aperiodic systems can be classified through its
lattice Fourier transform spectrum in three different types:
pure-point, as revealed by the electron diffraction pattern
of quasicrystals [3], singular-continuous and absolutely-
continuous spectra [4,5]. It has been demonstrated that
the Fourier transform spectrum of a periodic or aperiodic
binary lattice is discrete, if the eigenvalues of its substi-
tutional matrix obtained from the irreducible Pisot poly-
nomial satisfy the Pisot-Vijayaraghavan (PV) condition
[6,7]. Moreover, within the tight-binding formalism, the

# e-mail: chumin@unam.mx

electronic wavefunctions of 1D quasiperiodic systems have
been proven to be critical [8] with power law localization
[9] and the corresponding eigenvalue spectrum is a Cantor
set with zero-Lebesgue measure [10]. In general, this for-
malism has the advantage of being simple and capable
to reproduce experimental data, since many-body effects
are partially considered through its semi-empirical param-
eters. Furthermore, such simplicity permits isolate the
structural disorder effects on the electronic transport in
quasiperiodic systems. Hence, the tight-binding approach
is nowadays being extensively used for the understanding
of new physical phenomena occurred in a wide range of
aperiodic systems [4,11,12].

In general, eigenmodes in 1D aperiodic systems may
exhibit a localization-delocalization transition, but such
transition is not guaranteed in higher dimensional ones
[13], whose spectral and transport properties remain as
unsolved problems. In the past, most studies of 2D aperi-
odic systems were carried out for thousands of atoms [14]
or through the perturbation theory [15,16]. However, the
former is unsuitable to analyze the long range quasiperi-
odic effects, while the latter cannot address high contrast
aperiodic systems. For the case of tight-binding model, the
off-diagonal aperiodic Hamiltonian of cubic-type lattices
is separable [17] and may be written as a sum of Euclidean
products of 1D systems [18].

Beyond these cubic-type multidimensional aperiodic
lattices, an interesting alternative could be the connection
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of second neighbors in the square Fibonacci lattice, called
Labyrinth tiling [19], i.e., a 2D rhombic lattice with non-
constant bond lengths built by the Euclidean product of
two 1D aperiodic ones [20-22]. In this article, we report
a new convolution theorem for separable tight-binding
Hamiltonians expressed as a product of individual ones, in
contrast to the previous one developed for Hamiltonians
expressed as a sum of them [18]. This convolution theo-
rem combined with the real-space renormalization method
allows to analyze the electronic transport in macroscopic
multidimensional Labyrinth tiling.

This paper is organized as follows: in Section 2 we intro-
duce 2D Labyrinth tiling and its tight-binding Hamilto-
nian through the product of those from two linear chains.
We further demonstrate in Section 3 a distinct convolution
theorem for the density of states (DOS) and a detailed
proof of such theorem for the Kubo-Greenwood formula
is given in Appendix A. The obtained DOS of silver-mean
Labyrinth tiling is compared with those reported in the lit-
erature. In Section 4, we study the electrical conductance
of 2D Labyrinth tiling based on generalized Fibonacci
(GF) chains by combining the convolution theorem with a
previously developed real-space renormalization method.
In addition, an unusual ballistic conduction state is found
at the center of several conductance spectra and its
existence in such multidimensional Labyrinth tilings is
analytically proven in Section 5. Finally, some conclusive
remarks are presented in Section 6.

2 Labyrinth tiling

A 2D aperiodic Labyrinth tiling can be obtained from the
Euclidean product of two 1D aperiodic chains [23], such
as the Fibonacci one constructed by using two unequal
building blocks A and B through the substitution rule of
A — AB and B — A. A GF lattice may be obtained by
following a general substitution rule given by A — A™B"
and B — A where m,n € Z* [24,25]. There are several
isomers for each (m,n)-type GF lattice and they obey the
rules A — A™B", A — A" 1BAB™! ... A — B"A™.
These isomers possess almost the same DOS, but different
transport properties [26]. Moreover, the GF lattices with
m > 1 and n = 1 are called precious means, whose substi-
tution matrix satisfies the PV conditions. Thus, they are
quasiperiodic systems [27]. For metallic means with m = 1
and n > 1, these conditions are not fulfilled and then their
lattice Fourier transform spectrum does not consist of pure
points since they are not quasiperiodic lattices [7].

In order to study the electronic transport in aperiodic
lattices, we start from a 1D nearest-neighbor single-band
tight-binding Hamiltonian (H'P), which can be written as

_HlD = Z (t271+1"£><l + ]-‘ + t17171‘2><7f - ]‘D ’ (1)

i

where |i) represents the Wannier function at atom i
with null self-energy and ¢; ;41 are the hopping integrals
between nearest-neighbor sites 7 and ¢ £+ 1, whose values
can be t4 or tg ordered following the GF sequences. A
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coupling constant,
A= |th —th|/tats, (2)

can be introduced to quantify the disorder strength [28].
From two 1D Hamiltonians of equation (1), it is possible

to construct 2D ones. For example, Hf(? =HP®I,+

I,®H ;D is the Hamiltonian of a square lattice, where I,
is the 1D identity operator with k = x or y. The energy
spectrum of H 52;3 is given by ES%? =ED 4 E;D, being
EP the energy spectrum of H'P. This spectrum is an
interval if parameters A, and A, defined in equation (2)
are sufficiently close to zero, and it is a Cantor set of zero
Lebesgue measure if A, and A, are large enough [28].

A more general 2D Hamiltonian, through the Euclidean

product (®) between two 1D-Hamiltonians, can be written
as [19]

5 1
H?P = =
V

(H” +€|\IH) ® (HL + EJ_IJ_)
€”EJ_|Z', k><l, k|
+€J_ti77;+1|i, k‘> <Z +1, ki|
+€Lti,i—1|ia k’) <Z — 1, k|

+eth k1]t k) (4, K+ 1]
-1 Z +€”tk,k—1|i, k) (i, k — 1|
Vv A
ik | Flegtrtiili, k) (i + 1,k + 1
g p1tii—1|i, k)@ — 1,k 4+ 1]
e p—1tiiv1]i, k) (i + 1,k — 1]
i k-1tii—1|i, k) (i — 1,k — 1

where V is an energy scale parameter, HI and H*
are respectively 1D Hamiltonians of equation (1) along
the parallel and perpendicular directions respect to the
applied electric field, ¢ and €, are correspondingly the
self-energies of atoms in parallel and perpendicular sub-
space, and |i,k) = [|i)|k), being |i) and |k) Wannier
functions in the parallel and perpendicular subspace,
respectively. Hence, the 2D energy spectrum is given by

1

2D
Eaﬁ TV

(E) +e)(Bf +¢1), (4)
where H?P|a, ) = E§%|a,6>, Hllo) = E(l)‘¢|a> and

HY|B) = Ez|fB). Therefore, from equations (3) and (4)
we have

et k1 k) (i, k + 1
‘g pr1tiir1|t, k)@ + 1,k + 1]
-H:‘”tk’k,l‘i, k) (i, k —1]

1 b p—1tii—1]i, k) (i — 1,k — 1]
VZ +e i tiivli, k) (i + 1, k| |, 6)
ik +tk}k71ti,i+1‘i, k) <Z +1,k— 1|
+8Lti,i_1|i, k‘> <’L — 1, ]{i|
+tk,k+1ti,i—1‘i7 k> <Z -1, k+ 1|
( l ‘f’ff“)(El +5J_) —€)€L
= : |, B). (5)

v
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(a) Odd AAB isomer
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(b) Odd ABA isomer
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(c) Odd BAA isomer
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Fig. 1. Labyrinth tiling (green lines), based on a 2D silver mean lattice (gray dashed lines), for (a,a’) AAB, (b,b’) ABA and
(c,c') BAA isomers with (a—c) odd or (a’—c’) even options. The red thick lines illustrate the scale invariance of Labyrinth tiling.

For the limiting case of ¢ = ¢, =V and V — oo,
equation (5) reduces to

(tk,k-H |3, k) (i, k + 1]

/12D _ k-1, k) (i, k — 1]
B0 = 2 | el Ryl + 1k | 1900

ik +tl’z_1|l,k><l — ].,k‘|
= (B} + Ez)|o. B), (6)

which corresponds to the Schrodinger equation of a square
lattice. On the other hand, for the opposite limiting case
of ) =1 = 0, equation (5) can be rewritten as [29]

tie o1 tiyivr|i, kY (i + 1,k + 1]
Fr2D _ 1 o k—1tii-1|t, k) (i — 1,k — 1]
HLb|a7/3> = Vzk: +tk,k—1ti,i+1|7:,k><7:+l,k—1| ‘a7/3>
P\ tepgitiio1|i kY (i — 1,k + 1

E\E%
A (7)

which corresponds to the Schrédinger equation of a
Labyrinth tiling, as shown in Figure 1 for the case of
silver-mean sequence along both parallel and perpendicu-
lar directions. The energy spectrum of the Labyrinth tiling
is an interval if parameters A, and ), defined in equation

(2) are sufficiently close to zero, and it is a Cantor set
of zero Lebesgue measure if A\, and )\, are large enough,
as occurred in the square lattice [30]. From equation (7),
the hopping integral between atoms with Cartesian coor-
dinates (j,k) and (j+ 1,k + 1) in a 2D Labyrinth tiling is
given by

tim Gk = U kI HE G+ 1k +1)
1 AN A
= > RN ) r B+ 1 B+ 1),
Lr

1
= v (t(jyk)(j+1,k)t(j+1,k)(j+1,k+1)

Gk GRADEG R )G ) 5 (8)

since Hl and A+ only consider nearest-neighbor hopping
processes.

Figure 1 shows the scaling property, illustrated by green
thin and red thick lines, of Labyrinth tiling based on the
silver mean sequence (m = 2,n = 1) of generation 4 (gray
dashed lines), for (a—c) odd and (a’—c’) even Labyrinth
tiling corresponding to (a,a’) AAB, (b,b’) ABA and (c,¢’)
BAA isomers. This scaling property can be visualized by
using three different 2D building units (O, P, Q) and for a
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silver-mean Labyrinth tiling, they are shown in Figure 2
including their respective 2D substitution rules, which for
a Labyrinth tiling based on (m,n)-type GF can be written

as

0] 0] m? n?® 2mn 0
P |—-W| P = 1 0 0 P |.
(o)l )=0n s o) (s)
(9)

Eigenvalues (§) of the substitution matrix (W) are roots
of

m2—¢& 1 2m
1 =€ 0
m 0 1-¢

=—(+1) (-m*—-2+1)
irreducible Pisot polynomial

(10)

det(W —£I)

=0,

which leads to & = -1 and &L =
(m? +2+mvm?+4)/2. In equation (10), p(§) =
&2 —m2€ — 2¢ + 1 is an irreducible Pisot polynomial over
the field of integer numbers [31] that satisfies the PV
conditions given by

& >1 and g <lfor2<1<S, (11)
where S is the degree of irreducible polynomial. In other
words, the 2D (m,n)-GF Labyrinth tiling with n = 1 fulfill
the PV conditions and then, they are quasiperiodic lattices
as a consequence of the quasiperiodicity of 1D (m,n)-type
GF chains with n =1 [28].

3 Convolution theorem for the density
of states in Labyrinth tiling

Many physical properties of solids, such as the DOS,
electric and thermal conductivities by electrons or by
phonons, as well as infrared and Raman responses, can
be calculated through the Green’s function [32], which
is determined by the Dyson equation given by (z —
H)G(z) = 1, where z = E + i1 is a complex number, E
is the energy of excitation and n — 07 is the imaginary
part of E [33]. For a 2D Labyrinth tiling described by
Hamiltonian H?Y in equation (7), whose Green’s function
can be written as

_Nrla)a [RYG BB
Glriwn(2) = sz“EL/V
(r]a)(a]k)

d
C%: sz“g/v

x Im [G (¢ +in')] (12)

where |a)|3) is an eigenstate of H?P = Hll ® f{l/v sat-

isfying Hll|a) = E(|L|a) and H|3) = Eé‘\ﬂ), r and k are
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Fig. 2. Schematic representation of the 2D substitution rules
of equation (9) applied to building units O (purple zone),
P (green zone) and Q (yellow zone) for generations (a) two
and (b) three of the silver-mean Labyrinth tiling illustrated in
Figure la.

site coordinates along the z-axis, while j and [ are site
coordinates along the y-axis. In equation (12), we have
used the following identity [33]

=> (G 1BBI1C-Ef).
B

1
—— lim Im
7rn’1—>0+ [ JlC+”]

(13)

Let us introduce a rescaled 1D Hamiltonian H¢l given
by

Hella) = eAll|a) = eEl|a) = Ell|a), (14)

where Hel = cHl, ES = cEl and ¢ = ¢/V. In conse-
quence, equation (12) can be rewritten as

d(=V)GE (2)Im [Gy(eV + )], (15)

where Gf,”k(z) =>, % In general, the DOS is

related to the Green’s function through [33]

DOS(E)=—— lim Im

T n—0+

_ G (B +in). (16)

Hence, from equation (15) we obtain the convolution
formula for DOS given by

DOS?®(E / VdeDOSI(E)DOS*(eV),  (17)

where DOS! (E) = Tlr hm Im}>, GEH (E +in).
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Fig. 3. Density of states (DOS) versus the chemical potential
(1) for (a—c) square and (d—f) Labyrinth tilings with a (2,1)-
type GF order along both directions, denoted by Q-Q, and
hopping integrals t4 = t and tp indicated in each figure. For
the Labyrinth case, the DOS are compared with those reported
in reference [29], whose spectra are illustrated in (d—f) with a
shift A in the vertical direction.

Using equations (13), (15) and (16), the 2D DOS can
also be expressed as

DOS*®(E lim Im [ VdeGel (2)
n—0t+ ’
xZ (B14)(51B)6(eV — E)
= Z DOSEL v (E), (18)

where identities } ., [j)(j| = 1 and (8| ) = 1 were used.

The DOS of Labyrinth tiling with hopping integrals
ordered following (m,n)-type GF sequences can be calcu-
lated using equations (17)—(18) and the renormalization
procedure developed for GF chains of reference [26],
while for corresponding square lattices this renormaliza-
tion method plus convolution formulas of reference [18]
are used. In Figure 3, the DOS is plotted as function
of the chemical potential (u) for (a—c) square and (d—
f) Labyrinth lattices with a (2,1)-type GF quasiperiodic
order along both longitudinal and transversal directions,
denoted by Q—Q, containing 19602 atoms in each direc-
tion. Both lattices along the parallel direction are con-
nected at their ends to two semi-infinite periodic leads
with null self-energies and hopping integrals ¢. An imag-
inary part of the energy n = 107%|t|, hopping integrals
of (a,d) tp = 0.8, (b,e) tp = 0.5, (c,f) tp = 0.3t, and
(a—f) t4 = t are used. In addition, the energy scale
parameter is taken as V = |¢| along the rest of this
article. In Figures 3d-3f, magenta lines illustrate the
corresponding DOS reported in reference [29], whose

Page 5 of 12

spectra were shifted by A and scaled by a factor of
(d) 1, (e) 2.808 and (f) 8.657 obtained from the condi-
tion [*° DOS(E)dE = 1. Note the excellent coincidence
between both DOS spectra in each of Figures 3d-3f.
Notice also the well-defined energy gaps and smaller band
width in Figures 3d—3f for Labyrinth tiling in comparison
with those of Figures 3a—3c, in spite of a constant coor-
dination number of four for both square and Labyrinth
lattices. It is worth mentioning that for the periodic case
(ta = tp = t) both lattices have the same DOS and
different conductance spectra, shown as gray spheres in
Figures 4-7.

4 Electrical conductance

In this section, we analyze the electronic transport by
means of the Kubo-Greenwood formula given by [33]

L 2eh 1 [ f(B)— f(E+ hw)
X Tr |3, G(E + w)pG(E)| . (19)
where (2 is the system volume, p, = (im/h)[H,z]

is the projection of the momentum operator along
the applied electrical field, G(E) = GT(E) — G~ (F)
is the discontinuity of Green’s function, and f(E) =
{1+ exp[(E — p)/kpT]}"" is the Fermi-Dirac distribu-
tion with the chemical potential p and temperature 7.

Utilizing the convolution theorem demonstrated in
Appendix A for the Kubo-Greenwood formula in
Labyrinth tiling, whose conductivity (cL%) can be
written as

oBwo,T) = 5 [ Videol(nw, TIDOS*(e), (20
1

or
(M,UJ T QJ_ ZO-EL/V /J,LU,T), (21)
where
2¢%h 1 < f(E)— f(E+ hw)
ol T e
Yp,w,T) = Oy 22 /OOdE T

% Tr [p;HGf” (E + hw)p;”édl(E)} . (22)

with p5! = epl and Gell(z) = G=*(2)
¢H@:ZJ®wwwim—&%.

Equations (20) and (21) are the new convolution formu-
las for the Labyrinth tiling, similar to those developed for
cubically structured lattices in reference [18]. In Figure 4,
the electrical conductance (g) in units of g, = 2¢*/h as
a function of chemical potential (i) for (a—c) square and
(d—f) Labyrinth lattices is presented. In these lattices, GF
quasiperiodic sequences with m = 1,2, or 3 and n =1

— G (z), being
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Fig. 4. Electrical conductance (g) versus the chemical poten-
tial (u) for quasiperiodic (a—c) square and (d—f) Labyrinth
lattices based on GF chains with n = 1 and (a,d) m = 1, (b,e)
m =2, (¢,f) m = 3 along both directions (Q—Q), whose hop-
ping integrals are t4 = (v/5 — 1)t/2 and tp = t, in comparison
with that of the corresponding periodic square and Labyrinth
lattices (gray spheres).

(indicated in each figure) were used in both longitudinal
and transversal directions (Q-Q), whose lengths are spec-
ified in Table 1. The hopping integrals of these lattices are
ta=(Vb— 1)t/2 and tp = ¢ with an imaginary part of
the energy of n = 10~ 19]¢].

In Figures 4a—4f, the electrical conductance spectra of
corresponding periodic square and Labyrinth lattices are
shown by gray spheres, where the former spectrum is
obtained from [34]

Sq _
g0 gol?) ™ 2|t
(23)
while the latter for periodic Labyrinth tiling can be ana-
lytically calculated from the convolution theorem given by
equation (20) and analytical expressions of

202)0(21t] — |ul)
| _ & H
g (lu7070) 7Th
0(2lt| — [e])
and DOSt(e) =02, ~————1 24
© Ve - 22 (24)
for periodic chains, being 6(§) = { (1)’ g g ;8 . Hence,

equations (20) and (24) lead to

gg[c/alg(luv 0, 0) _ QJ-U:%nlc)(/ia 0, 0)

go god?2)

_ﬂ /#/2 de N 2t de
T \J2l VA = VAt —e?

212
==L cos™! M .
™ 4|t]

(25)
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Note in Figures 4d—4f the transparent states at u = 0,
whose ballistic electrical conductance scales with the sys-
tem width, for Labyrinth tiling with quasiperiodic order in
both longitudinal and transversal directions, denoted by
Q-Q. In fact, this transparent state is present in all mul-
tidimensional Labyrinth tiling with quasiperiodic order
(n =1) in each direction, as a consequence of the trans-
parent state at 4 = 0 in GF quasiperiodic chains [26].
An analytical proof of this fact is given in Section 5.
Also, Figures 4a—4c show the electrical conductance spec-
tra of square lattices based on the same GF quasiperiodic
sequences as in Labyrinth tiling of Figures 4d—4f. Notice
in Figures 4a—4c the absence of transparent states and
larger band widths compared to those of the correspond-
ing Labyrinth tiling, in which the magnitudes of hopping
integrals given by equation (8) are generally smaller than
those of square lattices since [t4] < |t].

Figure 5 shows the electrical conductance (g) as func-
tion of the chemical potential (1) and system length (V)
along the applied electric field for (a) square and (b)
Labyrinth lattices with N, = 121394 for m =n =1 and
the same Hamiltonian parameters as in Figure 4. Notice
that g generally decreases with the growth of N for both
square and Labyrinth lattices. Observe in Figure 5b the
appearance of transparent states at u = 0 for every 6
generations of the Labyrinth tiling, as occurred in the
Fibonacci chain [26], in contrast to their absence in the
corresponding square lattice.

Figure 6 shows the electrical conductance (g) versus
the chemical potential (u) for aperiodic (a—c) square and
(d—f) Labyrinth lattices with n = 2 and (a,d) m = 1,
(be) m = 2, and (c,f) m = 3 along both longitudinal
and transversal directions (A—-A), using the same Hamilto-
nian parameters as in Figure 4. The sizes of these lattices
are stated in Table 1. Notice the linear scale plot of g in
Figure 6, in contrast to the logarithmic one in Figure 4,
which means that the g of double aperiodic lattices with
n = 2 are generally larger than those of quasiperiodic
ones with n = 1, except p = 0 for the Labyrinth tiling.
Observe in Figure 6e the transparent state at g = 0 of the
Labyrinth tiling with m = n = 2, and a higher g around
u = 0 of Labyrinth systems in comparison with those of
aperiodic square lattices.

Figure 7 illustrates spectra of g versus p for the
same (a—c) square and (d—f) Labyrinth lattices as in
Figure 4, except for a periodic order with t4 = tg =t
along the applied electric field direction. Such lattices
are denoted by P—Q ones. Observe in their insets, Fig-
ures 7a/-7f', the quantized steps, whose height is go for
square lattices and 2gg for Labyrinth tiling. The former
is originated from the convolution formula for square lat-

tices given by (18] 0P (u,0,0) = 3_4 oll(u — Eg,0, O)/.QL

and the non-degeneracy of 1D eigenvalues (Ej3), while
the latter is arisen from the convolution theorem (21)
for Labyrinth tiling joined with o/l (E,0,0) = ¢l (= E, 0, 0)
and the mirror symmetry of non-degenerated 1D eigenval-
ues (Eg = —Epg/) with respect to zero in the perpendicular
subspace, due to bipartite lattices along both directions.
This double degeneracy of the Labyrinth tiling has been
discussed in reference [29]. It is worth mentioning that
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Table 1. Number of atoms in longitudinal and transversal directions of both square and Labyrinth lattices based on

(m,n)-type GF chains of generation [.

n = 1, Quasiperiodic order (Q)

n = 2, Aperiodic order (A)

Longitudinal (]))

Transversal (L)

Longitudinal (]]) Transversal (L)

m =1 433494438 for | =42 121394 for [ = 25 178956972 for [ = 28 174764 for [ = 18
m=2 131836324 for | =22 114244 for [ =14 268377089 for [ =20 236225 for [ = 13
m=3 790171310 for =18 184310 for [ =11 253841390 for [ = 16 124374 for [ = 10
L — 7
120000 e [

aln.0.0)g,

Fig. 5. Electrical conductance (g) as function of the system length (V) and chemical potential (u) for (a) square and (b)
Labyrinth lattices based on GF chains with m =n =1, N, = 121 394 and the same Hamiltonian parameters as in Figure 4.

A-A Square Lattice  A-A Labyrinth Tiling
—T —T —T T T
(

200000 |~ (aym=1,n=2
A

- 1

100000

0

200000

0)/g,

i 100000

g(L.0

1 50008

100000
50000

0

Wit

Wit

Fig. 6. Electrical conductance (g) as function of the chemical
potential (u) for aperiodic (a—c) square and (d-f) Labyrinth
lattices with n = 2 and (a,d) m =1, (b,e) m =2, (¢,f) m =
3, using the same Hamiltonian parameters of Figure 4 and
comparing with the g of periodic square and Labyrinth lattices
(gray spheres).

these quantized heights are invariant with the change of
Hamiltonian parameters. On the other hand, the inte-
gral ffooo g(u,0,0)dp of square lattice spectra shown in
Figures 7a—7c can be analytically calculated by consid-
ering that each ballistic conducting channel provides a
constant area of 4gy|t| regardless the value of Eg and
the total number of channels is the amount of atoms
in the perpendicular subspace. Hence, the integrals of
Figures 7a—7c for both P-P (gray spheres) and P-Q
(lines) square lattices are 4N go|t|. For P-P Labyrinth

P-Q Square Lattice P-Q Labyrinth Tiling
— 1 T T T T T L

- T 2
[ T (d)m=1,n=1 ]
100000 [ .
50000 | £ ]
L o 0!
5 3.09271 i
. 0Ff — 1 .
2 100000 F (eym=2 n=3 ]
) i ]
) - - g ]
= E 210 ]
< s0000 F ¥ i ]
R o 0
2971 971 75
0 1 L
180000 - (f) m=3, n=1 1
i 210 T o
90000 | 2, ] + gl -
I 2% 1 2 sk
0
344747 . 12
0 | MY, d 1 L
-4 2 0 2 -4 2 0 2 4
Wit u/t

Fig. 7. Electrical conductance (g) versus the chemical poten-
tial (u) for (a—) square and (d-f) Labyrinth lattices with
periodic-quasiperiodic (P-Q) orders along the longitudinal-
transversal directions with respect to the applied electrical
field. These lattices are built from GF sequences with n = 1,
m = 1,2, or 3 and hopping integrals t4 = tp = t along the
periodic direction, while tg =t and t4 = (\/5— 1)t/2 along
the transversal one.

tiling, whose conductance spectra are represented by
gray spheres in Figures 7d-7f, the spectrum integral
can be analytically performed by using equation (25) as
S5 8(1,0,0)dp = 16N go|t| /7. Now, for P-Q Labyrinth
tiling in Figures 7d-T7f, the conductance spectrum inte-
grals result in 4go )5 |Eps|. In addition, given that the
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P-A Square Lattice P-A Labyrinth Tiling
— T T — T

200000 — T T T T
F (@) m=1, n=2 ¥ (d) m=1,n=2
100000 F /150400 E
E 2159395F - E
2159390 ()
04 040035
Wit
0F f —— 3
E (e) m=2, n=2 E
© 200000 F 3
o E E
S A {2
= 100000 "9 E3 S 215190E.(€) E
=4 E S154116! S
E S 1.35585 1.35595 04 040027
0 1 LR S N R I .,
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I (c) m=3, n=2 1 (fym=3,n=2 1
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[ < I 5112870 ]
50000 | Cl i o F 2 112865 E (1) L] 3
r 5132334 1323365 T 04 04004
0 1 1 1 WMI 1 1 1 1 1 wmu 1
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Fig. 8. Electrical conductance (g) as function of the chemi-
cal potential (p) for square and Labyrinth lattices base on GF
sequences with n = 2 and m = 1,2, or 3. The hopping integrals
arets =t and tp = t along the periodic (P) longitudinal direc-
tion, while t4 = (v/5 — 1)t/2 and tp = t in the quasiperiodic
(Q) perpendicular subspace.

energy spectrum Fg of a Fibonacci chain with m = 1 and
n =1 constitutes a Cantor set [11], self-similar conduc-
tance spectra are found in Figures 7a and 7d for both
P-Q square and Labyrinth lattices, because their quan-
tum steps (jumps) are respectively located at Eg £ 2[t|
and at £2F3.

Figure 8 shows the electrical conductance (g) spectra of
the same systems as in Figure 7, except for n = 2. Observe
the value of g for P-Q and P—A square lattices, respec-
tively shown in Figures 7a—7c and 8a-8c, exceeds that of
their corresponding P—P square lattices for —2|t| < p <
2|t|. In contrast, the value of g for P-Q and P—A Labyrinth
tiling, correspondingly illustrated in Figures 7d-7f and
8d—38f, is generally smaller than that of their corresponding
P-P Labyrinth tiling. In addition, notice the large number
of ballistic conducting states with g = N, go around p =0
in Figures 7Ta—7c and 8a—8c, respectively for P-Q and P-A
square lattices. The ballistic-state zones for lattices with
n = 1 shown in Figures 7a—7c are wider than those of lat-
tices with n = 2 illustrated in Figures 8a—8c. In contrast,
there is a single transparent state for Labyrinth tiling at
w =0, as occurred in P-P square and Labyrinth lattices.

In Figure 9, we present the variation of ballistic-state
zone width (ur — pr) versus the hopping integral ratio
(ta/tg) for P-Q and P—-A square lattices respectively
based on the GF sequences of n = 1 and n = 2, where
ur and py are respectively the right and left extreme
chemical potential values of the ballistic-state zone. Notice
that all the zone widths tend to zero when t4/tp — 1,
converging to the unique ballistic state of P-P square
lattice. Also, for a given t4/tp, the zone width grows
with m and diminishes when n increases. For t4/tp = 0,
all these square lattices become individual ballistic chan-
nels, except those connected by tp in the perpendicular
subspace, i.e., the resulting belts have a width of n + 1

Eur. Phys. J. B (2018) 91: 132

T T T T T T
2.0 —
& M
r g 100000 71
151 £ 50000 4]
| R I |
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ILZ
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—O0—m=1, n=2
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Fig. 9. Ballistic-state zone width (ur — pr) versus the hop-
ping integral ratio (ta/tp) for P—Q and P—A square lattices
respectively based on GF chains with n = 1 and n = 2, for
m = 1,2, or 3, whose labels are indicated in the figure.

interconnected channels for a square lattice based on the
(m,n)-type GF sequence. The eigenvalues (Eg) obtained
from the perpendicular subspace of these belts determine
the ballistic-state zone width, because the ballistic con-
duction of a square lattice at a given energy requires the
ballistic transport in all individual channels and belts at
this energy, i.e., the intersection of all their ballistic-state
zones. For example, Fg = +t forn =1 and Eg =0, +t/2
for n = 2, respectively lead to ballistic-state zone widths of
pr — pr = 2|t| and pr — pr = 2(2 — v/2)|t|, because such
zone width (ur — pr) can be obtained from the overlap of
ballistic conducting bands centered in each Ejg for a given
belt and a band width of 4]¢|.

5 Ballistic states in multidimensional
Labyrinth tiling

In Figures 4d—4f, we observe a central state at p = 0 with
ballistic signatures for Q—Q Labyrinth tiling. Actually,
there is a central ballistic state every six generations for a
Q-Q Labyrinth tiling based on the Fibonacci sequence
with m = n = 1, as illustrated in Figure 5b. In this
section, we present an analytical proof that this central
state is truly ballistic. It would be worth emphasizing
the absence of this central ballistic state in Q—Q square
lattices.

Within the Landauer formalism, the 1D electrical con-
ductivity is given by [35]

o1 (1) = opT(1), (26)
where op = (2)g¢ is the electrical conductivity of periodic
chains with a system length of 2 = (N —1)a and T(u)
is the transmittance given by [36]

4 — (u/t)?
[T21 —T124 (T22 —T11) u/Qt]2+(TQ2+7'11)2 (1—u2/4t2) '
(27)

T(p) =
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Table 2. Resulting transfer matrix for (m,n)-type GF chains of generation #.
T m even, n even m even, n odd m odd, n even m odd, n odd
. m+n (0 —1 mi+nt+1 (1 0 m4nt1 [y 0 min () —r 1
e=2 07 () e (0 D) o (3 %) o (5
n (0 —1 mintr (4 0 —y 0 mo1 [yt 0
o) ) ) ey
0 -1 -1 0 mint1 (7 0 man (™ n+1 0
k=4 (1 0 ) < 0 _1) (-1) = 0 ,7_1) (=1) 2 ( 0 A (m=nt1)
_ 0 -1 — 0 — 0 Cm=t (0 ="
=) () (0 ) e (A
0 -1 mint1 (1 0 man+1 [~ 0 ,Y(m-H)(l n) 0 )
k=6 —1 2 —1 _
(1 0 ) ( ) (0 1) ( ) 0 ~ 1) ( 0 7,},(m+1)(n71)
-1 m+n 0 _ 0 _ (m4+1)(1—n)4n?
= 0N () (7 ) .
v - 0 —nytmr AR "
2
B 0 -1 -1 0 _ymEnsl oy 0 L mEn 0 —y
k=8 (1 0 ) ( 0 —1) (1) 0 7—1) A
_ _ _ . (m+1)(1—n+n?)
k=9 (0 1) < v 071> < v 04) (- (7 1 0717 .
1 0 0 — 0 — 0 A(mAD(n=1=n%)

being 7;; = (Hﬂl MS) ~elements of the resulting matrix
ij

(1) obtained from the product of individual transfer matri-
ces. Each of these transfer matrices is determined by
the stationary Schrodinger equation for Hamiltonian (1)
through

Cs+1 *M Cs

Cs o s Cs—1
— :u/ts,s-i-l _ts,s—l/ts,s—i-l Cs
(P g} ().

For a d-dimensional Labyrinth tiling, the electrical con-
ductivity (¢2;P) can be calculated by means of the new
convolution theorem (see Appendix A) for Labyrinth tiling
given by

2w, T) (29)

ZUEL/V MywaT)v

e v
tivity of the parallel subspace along the applied electric
field given in equation (22) and Eé‘ are the eigenval-
ues of (d — 1)-dimensional sub-lattice of volume (2, in
the perpendicular subspace. For the case of direct cur-
rent (DC), this rescaled 1D conductivity is related to the
transmittance T(p) through equation (26) and T(u) is
invariant to the rescale procedure when p = 0, since the
rescaling Hell = e {1 Jeaves equation (28) unchanged for
1 = 0. In consequence, the ballistic state with T(u =
0) = 1 in parallel sub-lattice leads to a ballistic one in
multi-dimensional Labyrinth tiling.

In order to prove the existence of a ballistic state at
© = 0 in the parallel sub-lattice based on GF sequences,
in Table 2 we present the resulting transfer matrices (7)

where o (u,w,T) is the rescaled electrical conduc-

for the first eight generations of (m,n)-type GF chains at
w =0, where y =ta/tp.

The resulting transfer matrices shown in Table 2 can
be summarized as follows. When m and n are both even
numbers, from equation (27) we have T(u = 0) = 1 for all
generations. For the case where m is even and n is odd,
the transfer matrix takes the form of

= () e (14])]

0(k)

x (70 v‘g“))’ (30)
where 0(k) = [1— (=1)*]/2 and f(k) = [1+ (-1)¥]/2.
Hence its transmittance is

T = 0) = & (31)

(y0®) + 7—9(;3))2’

and then, there is a ballistic state when & is an even num-
ber. On the other hand, when m is odd and n is even, the
general resulting transfer matrix can be written as

0 ) . (32)

which leads to a transmittance of T(u = 0) = 4(y +
v~1)72 and in consequence, there is no ballistic state at
1 = 0 for any generation. Finally, when m and n are both
odd numbers, we found

r=[rmenmee_aw] (7

)’Yﬁ(k)

1-6, ~5, —(=1)knk-2)/3
oo < 6( ’7(—1)%71(’“’2)/3 o ;
a,2

(1- 5%2)7—13(16)
(33)
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4

T(n=0)= — — 5 (34)

a2 [77(71) n(k—2)/3 +~(= 1)kn( 2)/3} +(1— 5a72) [,Yﬁ(k) Jr,rﬁ(k)]
where a(k) = [(1 — 8p0)(=1)™+™/2 — 5, 0]f(k) + the traditional convolution method for cubically struc-
[(1 = 3e0)(=1)m=1/2 —§,4]0(k), a = kmod3 € [0,2], tured lattices [18]. When a periodic order is placed along
b= km6d6 €1[0,5], ¢ = kmod7 € [0,6], and the applied electric field direction, quantized conductance
B(k) = (m + I)Zi/ozﬂ_l(_”) Sat(— n) /3] The spectra are observed in both Labyrinth and square lat-

corresponding transmittance is
See equation (34) above

Hence, there are ballistic states at © = 0 for GF chains
with n = 1 and arbitrary odd numbers of m at k =
6,12, 18, ... Examples of these ballistic states in Labyrinth
tiling can be found in Figures 4d—4f and 6e, where numer-
ical results confirm their presence at p = 0. Furthermore,
Figure 5b verifies its appearance every six generations in
(1,1)-type Labyrinth tiling.

6 Conclusions

A new convolution theorem has been demonstrated for
the DOS and Kubo-Greenwood formula in Labyrinth
tiling. The numerical results of DOS obtained from this
theorem confirm the DOS data of reference [29]. Such
convolution theorem can be visualized as a rotation in
the Hilbert space transforming a Labyrinth tiling to a set
of independent chains with a rescaled 1D Hamiltonian.
Let us introduce a unitary matrix (U 1) that diagonal-
izes the Hamiltonian of perpendicular sub-space (H=1),
e., UtHIUH = HE, .
unitary matrix given by I [l @ U+, which transforms the
Hamiltonian of Labyrinth tiling (H!l ® ﬁL/V) as

(1 &0 <H'§‘§/H> (i @ Tyt

1
= —(H
V(

Hence, we may build a new

QUL U

1 - A
= VH” ® Hi,,. (35)

In other words, the original Labyrinth tiling is mapped
into N, independent linear chains whose Hamiltonians

are rescaled by EﬁL / V, where N and Eé are respectively

the number of atoms and eigenvalues in the perpendicular
sub-lattice.

When this convolution theorem is combined with a pre-
viously developed real-space renormalization method for
the Kubo-Greenwood formula in GF chains [26], we are
able to study the electronic transport in macroscopic mul-
tidimensional Labyrinth tiling based on GF sequences. Its
electrical conductance is compared with that of square lat-
tices built from the same GF chains and calculated using

tices, where their step heights are respectively 2gy; and
go. Moreover, we found a broaden ballistic state region in
the square lattice case, whose extension grows with the
decrease of t4/tp, as illustrated in Figure 9.

On the other hand, we have demonstrated the existence
of a ballistic transport state at zero chemical potential
(1 = 0) in multidimensional Labyrinth tiling based on
(m,n)-type GF sequence along the applied electric field
direction and any disordering lattices in the rest perpen-
dicular directions, when (1) m and n are even numbers
for all generations, (2) m is even, n is odd and the gener-
ation number k is an even number, and (3) m is odd and
n = 1 for every six generations. In summary, the reported
convolution theorem permits an accurate study of the
electronic transport in macroscopic multidimensional ape-
riodic lattices beyond cubically structured ones within the
Kubo-Greenwood plus tight-binding formalism, while the
analytical proof of a DC ballistic transport state in such
lattices could modify the traditional correlation between
periodicity and ballistic conduction. It is important to
stress that this study was carried out within the single
electron approximation and such ballistic transport state
could be verified in a Labyrinth tiling made of low charge-
carrier density materials, for example, semiconductors at
low temperature.

Appendix A: Convolution theorem for
Kubo-Greenwood formula in Labyrinth tiling

The electrical conductivity (o,.) can be calculated by
means of the Kubo-Greenwood formula given by [33]

2¢%h 1 f(E+ hw)
Nmm?2 (2i)? hw

X T [p.GE + h)paG(B)] |

Uzz(/uvw’T) = /Oo dEf(E) -~

— 00

(A1)

in which the momentum p, in 2D Labyrinth tiling with
Hamiltonian [ = 1l & A+ /V is

P2 = lg‘ (f12 - aft) = -

i {(HH ® HY) (3 ® 1Y)

—GelhH e ﬁi)} : (A.2)
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and using the identity of (A ® B)(C ® D) = AC ® BD, and equation (A.6) becomes
equation (A.2) becomes

) Ei<l|ﬁ><ﬁ| G
Dr.s )G (1,9 (uw) (%)

pP = ;;’; {(H” i — 2l @ Hlll} Vﬁl‘c ® H(lA ) ~
whose matrix elements are . /Vd5 7 Z ( flate | < <fz|*a><gglu>>
E#+ _
il ) =pl, Y e w A1), a2 IABTIEY Eﬁ)

B
A = [Vaeifl, G2 30 01 8)(5 | w)d(ev - B (49
where H'|3) = E5|f). Hence, using equation (A.4), the 3
trace in equation (A.1) can be written as

where Gel(z) = G°F(2) — G°(2) and Gt(z) =

Tr [ﬁiDé(z + ﬁw)ﬁiD@(z)] > |a>(a\/(E +in — El). Hence, the trace of equation
= ZZZZ (u, w[pZP|r, ) (r, §|G(z + hw)|k, 1) (A.5) can be rewritten as

w,w 1,7 k,\l f,s
<15 oG Tr [p2PG (e + h)p2G2)|

—ZZZZZ&'” (W | N DGy (= + hw) = ZZZZ/WZ&;&E 1G2(z + hw)
w,w 1, k,l f s waw T

ZZA’Q o V (1 8YB | )G s, (2), (A.5) X Z w [ Y)(y [ Do(E'V — Ey)
in which G(E) = G*(E) — G~ (E) is the discontinuity of / Vdep;, G5 ( )Z {1 B)(B|w)d(eV — Ef)

Green’s functions and equation (12) leads to

e : AP ﬁi‘,'réi,”k(z+M>ﬁi','fé;',‘u<z>
> P BB )G sy ) (2) wrh g
P <" (w | BB | w)s(eV — EF)

J_
— 3yl -
7’3@ | B)(B 1 5)

- _ / VAeTr [p1G71 (2 + huo)p |G (2)]
+ —
% |G = G )] xS (w] BYB | w)d(eV — E), (A.9)
5 =
=S Al BB )
5,8 where ), |[[){{| = 1 and (v | 8) = d,,3 were used. There-
fore, the new convolution theorem for Kubo-Greenwood
o Z (f [a){a]u)(s|7){y]|w) formula (A.1) in Labyrinth tiling can be expressed as
2~ ELEL [V
a,y aliy 1 o
Ual:ﬁ(,uﬁw?T) = 97/ VdEU! (ﬂawaT)DOSL(‘C:V)
e u)s [y [ w) Lo
> u (A.10)
P 2 — ELEL / 1% or
_ | flayalu) — (fla){e]u)
= /Vdé?pk € ( EEH o {-:Eﬂé (,u7w T ZO’EJ_/V ,U,,LU,T), (A].l)
XY (1] B) ﬁ|w> (eV — EF). (A.6)
B where o/ (,w, T) = Qﬁ;:}ﬂ (22)2f dEif(E) J(Ethw)

. Tr [p3l GoI(B + o) GoIL (B
From Hamiltonian H¢ll of equation (14), the rescaled pe (B + )b (E)
momentum is given by
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