PHYSICAL REVIEW B 106, 064207 (2022)
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Socolar dodecagonal lattice is a quasicrystal closely related to the better-known Ammann-Beenker and
Penrose lattices. The cut and project method generates this twelvefold rotationally symmetric lattice from
the six-dimensional simple cubic lattice. We consider the vertex tight-binding model on this lattice and use
the acceptance domains of the vertices in perpendicular space to count the frequency of strictly localized
states. We numerically find that these states span fyum =~ 7.61% of the Hilbert space. We give 18 independent
localized state types and calculate their frequencies. These localized state types provide a lower bound of
fis = w =~ 0.075854, accounting for more than 99% of the zero-energy manifold. Numerical evidence
points to larger localized state types with smaller frequencies, similar to the Ammann-Beenker lattice. On the
other hand, we find sites forbidden by local connectivity to host localized states. Forbidden sites do not exist for
the Ammann-Beenker lattice but are common in the Penrose lattice. We find a lower bound of fgybiq =~ 0.038955
for the frequency of forbidden sites. Finally, all the localized state types we find can be chosen to have constant

density and alternating signs over their support, another feature shared with the Ammann-Beenker lattice.
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I. INTRODUCTION

Quasicrystals are formed by nonperiodic, yet, highly sym-
metric arrangements of atoms. While their initial synthesis [1]
was done by carefully controlled alloying, they have since
been observed to form through natural processes [2]. More
recently, defect-free and highly controllable synthetic systems
with quasicrystalline order have been demonstrated. These
meta-quasicrystals in photonic systems [3], polaritons [4],
cold atoms [5,6], and synthetic surfaces [7] promise direct
access to elementary excitations of quasicrystals, which goes
beyond the structural tools such as x-ray scattering [8].

The high degree of symmetry in quasicrystals makes it
possible to understand structural properties in great detail.
For example, the x-ray diffraction images of quasicrystals are
now well characterized in terms of the quasicrystal lattice and
the unit cell decorations [9,10]. However, this symmetry does
not yield a tool like Bloch’s theorem to constrain the exci-
tation spectrum. Except for some examples in one dimension
[11-13], the excitation spectrum of quasicrystalline systems is
not well understood. Eigenstates not only contain the extended
and localized state possibilities of disordered systems but can
also be critically self-similar [14]. The energy spectrum can
be singularly continuous with multifractal properties [15,16].
The connection between the energy spectrum and the symme-
tries of the quasicrystal is not obvious. In the absence of a
general theory, large-scale numerical calculations [17-19] or
in-depth understanding of specific eigenstates [14,20,21] are
valuable.

A common occurrence in the quasicrystal spectrum is the
existence of strictly localized states (LS) [22]. LS are identi-
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cally zero beyond a finite domain and are also called confined
states or compact localized states. LS were first identified in
numerical diagonalization of tight-binding models of the Pen-
rose lattice [23-25]. Local destructive interference, similar to
Aharonov-Bohm cages [26], confines the LS wavefunction to
a finite region. LS have zero energy for bipartite lattices [27],
and their properties have been studied for two well-known
models, the Penrose (PL) [22,28,29] and Ammann-Beenker
lattices (ABL) [30,31]. In both cases, almost ten percent of
the Hilbert space is spanned by the LS. However, there are
significant differences between the LS in the two models. In
the ABL, all sites host LS, but a substantial portion of the
sites in the PL are forbidden by local connectivity to be in the
support of an LS. The LS in the PL are formed by only six
LS types, while the ABL seems to have an infinite number
of LS types. While the choice for LS type expansion is not
unique, the known ABL LS types can all be chosen to be
rotationally symmetric around an eightfold symmetric vertex.
Furthermore, all LS type wavefunctions in the ABL can be
selected to be of constant density. The interference leading
to localization is provided only by the fluctuating sign of
the wave function. There is no choice for LS types in the
PL with constant density. Finally, the LS in the PL show
remarkable robustness [32]. A uniform magnetic field applied
to the system leaves the total LS fraction in the PL invariant,
while the LS fraction in the ABL quickly decreases with the
applied field.

These striking differences between the two commonly used
models of quasiperiodic order make it worthwhile to explore
the LS in other quasicrystal systems. It is essential to ask
if the PL or the ABL display a more generic behavior and
which properties in their definition lead to such qualitative
differences. Another quasicrystal lattice closely related to the
PL and ABL is the Socolar dodecagonal lattice (SDL) [33].
SDL can be constructed by projection from a six-dimensional

©2022 American Physical Society
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FIG. 1. Socolar dodecagonal lattice has three kinds of tiles, a
square, a hexagon, and a rhombus with 7 /6 angle. All bonds are
parallel to the six star vectors &, shown in red. Each vertex can
be classified by its connections to the nearest neighbors. There are
only five vertex types B, C, D, E, and F. One example of each is
highlighted in the figure.

simple cubic lattice, while PL and ABL are projected from
five- and four-dimensional simple cubic lattices. All three
lattices have scaling symmetry with simple inflation-deflation
rules, can be constructed with local matching rules, and admit
simple decorations, which line up to form a quasiperiodic grid
called an Ammann pattern.

A recent paper considered the vertex tight-binding model
on the SDL [34]. The LS fraction was numerically calculated
as 0.076, and eleven LS types were identified. However, the
contributions of the LS types were significantly short of the
numerical result. In this paper, we consider the same model
but use the perpendicular space accounting method [29,31] to
count the frequencies of the LS types. Our numerical result
for the total LS fraction agrees with Ref. [34]. However, we
find that the LS type frequencies significantly differ from what
was reported. We calculate the contribution of the LS types
reported in Ref. [34] as fi.s ~ 0.0719. We identify seven more

LS types bringing the total covered to fis = w ~
0.0758. We show the perpendicular space images for the
support of all LS types and prove their independence. We
conjecture that there are LS types of lower frequencies related

to the types we identified and the total frequency sum gives
feonj = M ~ 0.076660. We inspect the local density
of states (LDOS) formed by the LS and find forbidden sites
where the local density of states for LS is zero. We give
four arguments on the lattice, which lead to forbidden sites.
These arguments show that at least 3.8955% of all sites are
forbidden. The calculation of LDOS in perpendicular space
suggests that there may be more forbidden sites, but we have
not found real space arguments to prove that they cannot host

FIG. 2. The perpendicular space of the SDL consists of four
hexagons Vj;. Vi, and V», form the even sublattice, and sites in them
can only have a bond connecting to the odd sublattice formed by
Vi2 and V;;. The D vertex highlighted in Fig. 1 has the perpendicular
space space image shown in Vj,, the six possible bond directions
taking this point to V;;, V5, are shown. Only five of six remain inside
their respective hexagons, making this point a D vertex. V,; is marked
with regions belonging to vertex types. Unmarked regions can be
deduced by symmetry.

LS. While the presence of forbidden sites is similar to the PL,
the existence of large LS types with low frequencies makes
the spectrum more similar to the ABL. All LS types have
wavefunctions that can be chosen to have a constant density
similar to the ABL. We also find that the LS fraction decreases
quickly with an applied magnetic field. Overall our results
indicate that the properties of the ABL zero-energy manifold
may be more commonly observed in quasicrystals, and the
PL may have other unidentified properties, which restrict the
behavior of its LS.

The paper is organized as follows: We introduce the SDL
giving its projective definition in Sec. II. The following
Sec. III details our numerical method and results for the local
density of states and total LS fraction. We identify LS types
and discuss their properties in Sec. IV and Sec. V details the
forbidden sites arguments. Finally, we compare our results for
SDL to ABL and PL cases and discuss outstanding questions
in Sec. VL.

II. CUT AND PROJECT DEFINITION OF THE SOCOLAR
DODECAGONAL LATTICE

Socolar constructed the SDL as an analog of the PL with
twelvefold rotational symmetry [33]. The same construc-
tion method applied to eightfold symmetry gives the ABL.
Thus, these three lattices share remarkable properties beyond
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FIG. 3. (a) Numerically calculated LS fraction as a function of neighborhood depth. We used ten randomly chosen initial points to generate
the neighborhood, each providing one data point at each depth. For one initial point, data points are linked by the red line to show variation
with depth. The black-dashed line is our best estimate for the infinite lattice’s LS fraction, and the red-dashed line is the lower bound provided
by LS types. (b) The same data plotted as a function of inverse neighborhood depth, showing the linear fit used to estimate the infinite lattice

LS fraction.

quasiperiodic order. All three are self-similar under simple
deflation rules, and simple decorations of tiles generate match-
ing rules for the lattice construction. Following the work of
De Bruijn [35,36], all three lattices can be constructed as
duals of grids made of equally spaced lines. Grids of fourfold
symmetry generate the ABL, fivefold symmetry generates the
PL and sixfold symmetric “hexagrids” generate the SDL. Here
the most important distinction for the SDL appears as the
hexagrid has to be chosen so that three lines that make 2 /3
angles with each other always meet at a single point. The triple
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FIG. 4. LDOS on the odd sublattice. Notice that some sites have
zero LDOS, although they are in the odd sublattice. The LDOS is
highly correlated with the local environment, as explained by the
existence of LS types. The highest LDOS value iS ppax =~ 0.2132.

intersection points give rise to a third tile shape, in contrast to
just two for the ABL and PL. The SDL defines a quasiperiodic
tiling of regular hexagons, squares, and 7 /6 angle thombuses
(see Fig. 1).

SDL can be generated using the dual grid method, the
deflation method, or the quasiperiodically spaced Ammann
decoration method. However, as we use perpendicular space
properties to explore the LS, we first repeat the definition
through the cut-project approach. We start with a six-
dimensional space (R®) filled with a grid of unit cubes. We
can define any interior point of each cube indexed with six
integers ko, ..., ks in terms of the orthogonal unit vectors

y

-y

T

FIG. 5. The LS type-Al has six C sites around an F vertex. No-
tice that the sums of the wavefunctions linked to the nearest-neighbor
sites marked in red are zero.
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FIG. 6. The allowed regions in V|, and V for the type-Al state
in Fig. 5 are shown in blue. Three of the sites in the support are in
one hexagon and the remaining three in the other. Another type-Al
LS can be constructed by rotating Fig. 5 by 7 /3. Allowed regions for
the rotated state are shown in red.

ﬁn = (80113 B 65;1) as

5
F= Y X, ()
n=0

withk, — 1 < x, <k, forn =0, ...,5. This six-dimensional
space can be also spanned by the following orthogonal vectors

defined in terms of the complex number ¢ = e’ :

ar= Y R — Y R,

n=0,1,4,5 n=2,3
a= ) S Y IE" i,
n=0,1,4,5 n=23
-1 —n\zn N —n\n
dy= Y NC i, — Y RET,
n=0,3,4 n=1,2,5
ds= Y SEC M= Y XC iy,
n=0,3,4 n=1,2,5
1
(1 1

N

ds = (1,0,1,0,1,0) = ity + i1, + iy,
de = (0,1,0,1,0,1) = fay + &13 + as, 2

with @,.d, = 35,4. We also define § =2+ /3. An intercept
vector y = Zi:o Vully 1s chosen so that yp + v + ya = y1 +
y3 + 5 = 0. The vertices of the SDL are given by l?.&ﬁc +
k’.azy, where k = (ko, ..., ks) € Z°, whose open cube has a
nonempty intersection with the plane described by the follow-
ing equations:

~

X — , (X—9).ds=0. 3)
If a point in the six-dimensional lattice R = Y>_ kyl,., has
an open unit cube satisfying Eq. (3), we can express it in terms
of the a vectors as
R = H(k.a)a, + (k.dr)ar + (k.d3)as + (k.ds)ds
+ (k.ds)ds + (k.de)de}
= ;0a, +)a, + xas + yaq + x"as +yMas). (4
The point (x, yl) is the real space projection of R, which
is defined in two-dimensional physical space, and the point
(%, 7, x5 yL) is the perpendicular space projection of R,
which is defined in four-dimensional perpendicular space.
Nevertheless, R.ds = ko + ky + ks = i € Z and R.dg = k; +
k3 + ks =je€Z. Both i and j can take only the values 1
or 2 [33]. Therefore, the perpendicular space projections
of all lattice points do not fill the four-dimensional per-
pendicular space, but fall on four two-dimensional planes.
Furthermore, the perpendicular space projections lie only
within four hexagons in these planes, which we designate as
Vij = {V11, V12, Va1, Vaz} (see Fig. 2).
The projection from the six-dimensional space to the real
space means that a positive move in the nth direction k, —
k, + 1 changes real space position by a star vector &,. The

\

\
o <%
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.
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FIG. 7. LS type-A2 in real space and its allowed regions in V},. Perpendicular space regions covered by previous LS types are shown as

the grey background.
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FIG. 8. LS type-B1 in real space and corresponding allowed regions for all three independent orientations in Vi,. Although there is overlap
with previous LS types, at least one allowed hexagon lies entirely in an uncovered region, proving independence from the LS types above.

star vectors are

&, = cos(nm /6)i + sin(nw /6)j, n=0,1,4,5,

&, = —cos(nm /6)i — sin(nw /6)], n=2,3, (®)]

as shown in Fig. 1. The same move is also reflected in perpen-
dicular space, however, through a different set of vectors e,
where the projection rules dictate

€y = &y, &) = &4, &4 = &,
ey =83, e =2&s, é5 =2y. (6)

The combination of perpendicular space allowed regions and
star vectors makes it possible to describe the local environ-
ment of the lattice. Consider a point inside the perpendicular
space hexagon Vi, as shown in Fig. 2. Any vertex can, in
principle, have 12 bonds emanating from it in +¢,, directions
form =0, ..., 5. However, if a point has a perpendicular space
projection inside V,, its first index i can only change to 2.

—+

Thus, vectors +&g, +&,, +24 are allowed, while the i index
forbids their negatives. Similarly, the second index j allows
for —é;, —é3, —és, and forbids a positive move along these
three directions. These allowed vectors are shown on the
hexagon V|, in Fig. 2. Correct index change is not enough for a
move to be allowed. Also, the result of the move must lie in the
new V;; hexagon. For the point shown in Fig. 2, all three moves
along —é;, —é3, —és result in a point inside Vj;, while only
two out of the three moves along +éy, +&;, +é4 lie inside V,.
Thus, we conclude that this vertex is connected to five neigh-
bors, with bond directions along —é;, —é3, —és, +&o, +&>.
Notice that the correspondence in Eq. (6) allows the real space
star vector &, rather than &4.

The perpendicular space construction makes it easy to de-
duce the local environment of any vertex if its perpendicular
space position is known. Any vertex has at most six and at
least three bonds. Following Ref. [33], we classify vertices
into five vertex types up to rotations and reflections. One

FIG. 9. Type-B2 in real and perpendicular space. Its allowed region area and frequency are the same as type-B1.
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FIG. 10. Type-C1 LS and allowed regions for its six independent rotated copies. This LS type has frequency fr; = 573;‘574 =~ 0.006098

example of each is highlighted in Fig. 1. Vertex types C, D,
and F, have 3, 5, and 6 bonds, respectively. Two vertex types,
B and E, have four bonds. As the number and orientation of
the bonds are uniquely determined by the perpendicular space
position of the vertex, it is possible to split the perpendicular
space hexagons into smaller regions corresponding to each
vertex type. This division is shown on V;; in Fig. 2, which
can be extended to all unmarked regions and other hexagons
by symmetry. As the projection from the six-dimensional lat-
tice to the perpendicular space is linear, all the areas inside
the hexagons are filled densely and uniformly with projected
points. Consequently, area sizes in perpendicular space reflect
the frequencies of local environments.

Consider the central hexagon corresponding to the F ver-
tices. The area of that small hexagon divided by the area of V;;
gives the frequency of F vertices as fr = 7 — 4+/3 =~ 0.0718.
Similarly, other vertex types have frequencies fp = %(9 —

..

-1

(1) 4

/ \ 0 SN A

5¢/3) 0255, fo=3(/3-1)~0549, fp=3(114/3 -
19) 2~ 0.0394, and fz = (9 — 5+/3) 2~ 0.0849. The perpen-
dicular space area method for calculating local environment
frequencies can be extended beyond the first neighbors. We
use this method to count the LS types in the following
sections.

The perpendicular space picture is also helpful in describ-
ing the symmetries of the SDL. First, notice that points in Vj;
and V;; are only connected to points in Vj,, V»; but not to each
other. Thus the lattice is bipartite, composed of two sublat-
tices. We refer to the collection of points in Vjy, V;, as the even
sublattice and Vj,, V5, as the odd sublattice. Also, notice that
the perpendicular space hexagon shapes can be obtained from
each other by rotations. Under a counter-clockwise rotation
of 7'[/6 we have V22 — V12 —> V11 —> V21 — V22. Any local
environment has a thirty-degree rotated copy in the lattice.
However, the sublattices are exchanged for the rotated copy.

FIG. 11. Type-C2 LS has allowed areas adjacent to type-C1. The two LS types have the same frequency.
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FIG. 12. LS type-C3. While the allowed area is similar in shape to types C1 and C2, its scaled down. The frequency is

Similarly, any local environment must have a sixty-degree

rotated copy with the same sublattice assignments. However,

the two copies have exchanged Vi <> V,; and Vi, < V3.
We define a tight-binding model on the SDL as

H=—> IR)Rl )
(ij)

where the sites (i, j) are connected by a bond. We focus on
the eigenstates that have zero density beyond a finite lattice re-
gion. Such LS appear at zero energy for bipartite lattices. If an
energy E is an eigenvalue, the bipartite property of the lattice
ensures that —FE is also an eigenvalue. Similarly, changing the
sign of the wave function on only one of the sublattices can be
used to choose zero-energy states to be confined to only one of
the sublattices. In the following, we present calculations and
examples for LS that are nonzero only on the odd sublattice of
V12, Va1, understanding that everything can be mapped to the
even sublattice by a thirty-degree rotation.

0 Yo
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Shiios
| .
R iPanst

S

g44ed
2

~ (0.003268.

III. NUMERICAL LS FRACTION AND THE
ZERO-ENERGY LOCAL DENSITY OF STATES

We construct large SDL. domains by using the algorithm
presented in the previous section. We start by specifying the
initial point’s perpendicular space coordinates and calculating
its nearest-neighbors’ real and perpendicular space positions.
Repeating the same process on the nearest neighbors gener-
ates the second neighbors, and iteration can be repeated up to
the desired neighborhood depth D. This process also records
the Hamiltonian with open boundary conditions within this
neighborhood. The most extensive domains we use have a
neighborhood depth of D = 180, containing approximately
66 000 sites.

This construction method has the advantage that all the
sites on the boundary belong to the same sublattice. If the
initial site is in the even sublattice and the neighborhood depth
D is even, then all the sites on the boundary are in the even
sublattice. Recall that LS can be chosen to lie only in one

\ Viz
2 ) %%@ 7
Ao dd >
AT AT
a T\
// /VA \{

FIG. 13. LS type-C4 has the same frequency as C3, and its allowed areas fill in the empty regions between C3 allowed areas.
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sublattice. Hence, if we find any LS in the odd sublattice in
this finite domain, it is guaranteed that the same LS exists for
the infinite SDL. There will be no extra LS generated due to
the open boundary conditions. To be more specific, we can
write the Hamiltonian in a block form by grouping the odd

and even lattice sites
0 ¢C
H= [CT 0], ®)

where C acts on only the odd sublattice sites.

We do not use matrix diagonalization to find the eigenval-
ues of the above Hamiltonian. Instead, we numerically find the
dimension of the null space of the sparse matrix C. Available
QR decomposition routines efficiently handle this calculation.
The size of the null space of the matrix C divided by the total
number of sites in the odd sublattice gives us a numerical
estimate fgy (D) of the LS fraction [31].

In Fig. 3, we plot the numerically obtained LS fraction as a
function of neighborhood depth D. We repeat the calculation
for ten randomly chosen initial points. While the LS fraction
depends on the perpendicular space position of the initial point
for small neighborhood depths, the results quickly converge
to a narrow band for D > 50. The numerical LS fraction
increases with increasing neighborhood depth. Our method
captures all the LS, which lie entirely inside the boundary but
misses any LS, which are present in the infinite lattice but
cross the boundary. Thus, the lower numerical LS fraction is
a boundary effect. We can utilize this to obtain more infor-
mation about the infinite system. As we expect the estimated
LS fraction to be deficient due to the boundary, the numerical
calculations for large enough domains should follow

C
fest(D) = frium — - ©9)

D
We plot the same data as a function of inverse neighborhood
depth in Fig. 3, where one can observe that the above scaling
form provides a good fit. By fitting a line to the data, we can
extract an estimate for the LS fraction of the infinite system as

JfNum 2= 0.0761. (10)

This value agrees with the value reported in Ref. [34], which
is obtained with larger lattices. It is also close to the analytical
lower bound calculated by counting LS types below. How-
ever, considering the spread of the data coming from different
neighborhoods, the numerical result has an uncertainty of
£0.0006.

The numerical calculation yields information beyond the
dimension of the null space. The QR decomposition also re-
sults in an orthonormal vector set that spans the null space. As
all the LS are degenerate, the basis set found from the numer-
ical diagonalization does not resemble the LS types discussed
in the next section. Nevertheless, a basis independent physical
quantity can be calculated from this set. We define the local
density of states (LDOS) from LS as

p(R) = " Ri|W,) P, (11)

where |¥,,) satisfy both H|W,,) = 0 and (V,,|¥,,) = 8, Be-
cause we use the null space of C, the wavefunctions forming

the LS manifold are automatically localized to only one sub-
lattice.

A representative result for LDOS is displayed in Fig. 4.
First, we notice that, unlike the PL, there are no large regions
devoid of LS. Most of the sites host LS. Still, it is crucial to
notice that some sites have zero LDOS. In the ABL, no such
forbidden sites are found. We also see that local connectivity
is strongly correlated with LDOS. The sites with the largest
LDOS have ppax >~ 0.2132 and are always nearest neigh-
bors of F vertices of the even sublattice. Yet, not all nearest
neighbors of F sites have maximum LDOS. This correlation
is explained with the LS types and their overlaps in the next
section.

Recent experiments in synthetic lattices, whether in cold
atom systems, polaritons, or assembled surfaces, feature local
probes of density. We believe that general properties of LDOS,
such as the existence of forbidden sites or maximum of the
LDOS, can be observed with local probes such as scanning
tunneling microscopy [7] or site-resolved density measure-
ments of cold atoms [5].

IV. LOCALIZED-STATE TYPES

Without Bloch’s theorem, there is no simple way to la-
bel the eigenstates of quasicrystals. This problem is most
clearly seen in the LS, where almost 8% of all the states
are degenerate and even energy cannot be used to index the
states. However, the LS are confined in a finite region, and
we can describe how many independent zero-energy states
are translated copies of specific LS types. If an LS is iden-
tified in a limited area of the lattice, it must have infinitely
many copies throughout the infinite lattice. This is ensured
by Conway’s theorem [37] showing that any finite pattern is
repeated throughout the quasicrystal. One must then ask what
percentage of the eigenstates correspond to the translated and
rotated copies of the same LS. We designate all the rotated
and translated copies of an LS as the same LS type.

We can designate any LS as an LS type. However, we aim
to find LS types with the highest frequency while remain-
ing independent from other LS types. For the PL, just six
LS types are enough to span the whole zero-energy mani-
fold [22,28,29]. Recent ABL results [30,31] indicate that an
infinite number of LS types organized into generations are
required. The first few generations of these types were shown
to account for most of the numerically obtained degeneracy.
Orthogonality of LS types is not easily assured; however,
their independence is more straightforward to prove. If one
of the vertices of the support of an LS type is not in the
support of any other LS type, then independence follows
trivially.

The frequency of an LS type is found by counting the
occurrences of its support throughout the lattice. This count-
ing is generally done by using the scaling symmetries of the
lattice, which gets increasingly more complex as the support
region for the LS type grows. Another way of calculating
the frequencies is based on calculating the perpendicular
space acceptance region for the vertices on which the LS type
is defined. We successfully applied this method to the PL,
the ABL, and local isomorphism classes of pentagonal
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FIG. 14. (a) The local configuration forbids the site encircled in red. It is easy to see that ¥, = W, = W3, which makes ¥, = 0. (b) Up to
eleven more sites (encircled in red) can be forbidden following the first site.

quasicrystals, which lack simple scaling symmetries
[29,31,38]. Here we use the same procedure for the SDL.

In a recent paper [34], Koga introduced 11 LS types for
the SDL. One surprising result of this paper was that the
total frequency of the calculated LS types accounts for only
84.2% of the numerically obtained LS fraction. Here, we also
find the same 11 LS types. However, our results for their
frequencies are different. We believe the frequencies reported
in Ref. [34] are incorrect, possibly due to the complexity of
the scaling for the SDL. Our results for the same 11 types
give us a lower bound fis =~ 0.0719, which is almost 94.5%
of the numerical result. We find a further 7 LS types, which

bring out the total to fi s = w ~ 0.075855, which is
99.7% of the numerical result. Considering the projections of
the acceptance regions in perpendicular space, we believe that
infinitely many LS types are required to span the zero-energy
manifold. A similar scenario was found in the ABL. We give
both the real space configurations and the perpendicular space
acceptance domains for 18 LS types. The first eight types have

T,/
7P o
5 o~
Us -
- k2 ! / e
/ 3 a
A —v
*\I’X \
\ ~

high frequency and are presented in this section, while the
remaining ten are given in the Appendix.

As the first LS type, consider the state in Fig. 5. We call
this state type-Al LS. Its support has six C vertices, and
wavefunction has an alternating £1 sign. We plot the ac-
ceptance region for all six vertices in Fig. 6 in blue. As
can be seen, three of the vertices in the support lie in Vi,
and the other three in V,;. The LS support has rotational
symmetry under 27 /3 rotation; however, recall that such a
rotation exchanges the perpendicular space hexagons Vi, <
V1. Thus, a 27 /3 rotated version of the type-Al LS re-
mains independent, as can be seen from the areas plotted
in red in Fig. 6. The two can also be distinguished by ob-
serving that the central F' vertex lies in Vj; in one case and
Vi, in the other. For all the LS types, symmetry is restored
once all rotated copies of the same state are considered.
Hence, for the remaining LS types, we only plot the al-
lowed areas in V},. A simple rotation gives the allowed areas
for V5.

FIG. 15. (a) Another local configuration forces the LS wavefunction to vanish on the encircled site. Five more sites (circled in red) in

(b) can follow this site as forbidden sites.
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A

FIG. 16. Perpendicular space regions forbidden by the four ar-
guments given in the paper. Only the regions in one corner of Vi,
are shown. Other regions can be deduced by rotation. Red regions
follow from the argument in Fig. 14, green regions from Fig. 28. The
local configurations causing the blue and cyan regions are given in
the Appendix.

The frequency of LS type-Al is the ratio of the areas of
one of the allowed hexagons in Fig. 6 and V),. This ratio is

fa=£7312= w ~ 0.00962. We further checked this
frequency by numerically counting F sites with six C ver-
tex neighbors. Thus, our results indicate that the frequency
reported in Ref. [34], 0.0052, is incorrect.

As the next LS type, consider the real space and perpendic-
ular space images for type-A2 displayed in Fig. 7. Type-A2
LS has 13 sites in its support, but allowed regions for any

FIG. 17. LDOS plotted in perpendicular space. Finite neighbor-
hoods with a depth of 80 are used, so perpendicular space is not
uniformly sampled. Notice that most of the empty regions correspond
to forbidden sites. Also, LDOS follows the outline of the LS type
allowed areas.

of these vertices have the same area as type-Al LS. Hence
type-A2 has the same frequency as type-Al. Furthermore, no
site as the first LS type in the support of type-Al can also
belong to the support of type-A2. This is most easily observed
by comparing the perpendicular space allowed regions for the
two types. To facilitate such comparisons, we plot the total
allowed areas belonging to all previous LS types in gray on
all subsequent perpendicular space images.

In Fig. 8 we give display type-B1 LS. First, notice that the
support is symmetric under 7 rotation. Hence copies of the
same state rotated by m /3 as well as 27 /3 are independent
of the original. The second important thing to notice is an
overlap between the support of type-B1l and type-A2. Six
out of the ten sites in the support of type-B1 can also be
in the support of a type-A2 LS. Thus, two such states are
not orthogonal. However, notice that four of the sites in the
support are not covered by previous LS types. As a result, the
B1 type is independent of Al and A2. The independence is
most easily seen in the perpendicular space figure. Even if a
single allowed area covers a new portion of the perpendicular
space, the independence of the new LS type is established.
This reasoning is enough to demonstrate the independence of
all the remaining states in this paper.

The LS fraction for type-B1 and type-B2 is the same

for = fro = ¥HT — I52101Y3 01572, The definition
of the type-B2 state is given in Fig. 9. Once again, indepen-
dence is established by the newly covered areas, such as those
in the F vertex regions. One can also explore the interplay
between independence and orthogonality by considering the
LDOS of a point shared by type-Al and type-B2 states. If
these two states were orthogonal, LDOS would be a sum
of their densities. As the type-Al wavefunction is normal-
ized by 1/4/6, and type-B2 by 1/4, the LDOS at a common
point would be pmax = 1+ + 7 = 3¢ = 0.2292. This value is
higher than the maximum value from the numerical calcula-
tion pmax = 0.2132. As these states are not orthogonal, their
overlap (B2|Al) = #ﬁ reduces the LDOS just due to these

two types to 9/46 ~ 0.1956. Other LS types contribute to
the LDOS at this point to raise its value to the numerically
observed peak.

Next, we give four states with no rotational symmetry
in real space, types C1 to C4. Their real space and per-
pendicular space images are given in Figs. 10-13. Now all
six copies obtained by rotations are independent. Hence, the
frequencies for type-Cl and type-C2 are fo1 = feo =

€467 _ 132713~ ,00609 and, for types C3 and C4 are

fos = foa = 5T — 499226505 ~ 00327,

The total LS frequency of the types given in this section is
0.0694, which corresponds to 91.2% of the numerically ob-
served LS fraction. We identified 10 more LS types as given
in the Appendix. We give the allowed area for a single vertex
of each LS type in Table 1. These values combined with the
symmetry factors and the total area of the perpendicular space

give the frequency of LS types, listed in Table II. The LS type

frequencies sum up to fis = w ~ (.07585 a lower
bound, which is quite close to our numerical estimate.

We used small (up to 35 neighbors) system sizes to identify
new LS types. Instead of QR decomposition, we use Gauss-
Jordan elimination to put the C matrix into a reduced row
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FIG. 18. LS type-A3. The allowed region for each vertex is a hexagon similar to V;;, but scaled with ,/ ? The frequency of this LS type

L g
is £ ~ 0.00069.

echelon form. While this is not numerically efficient, it gives a
set of LS where wavefunctions are rational numbers. This ap-
proach is limited by the cluster size we use, and the existence
of other LS types is almost assured by comparing large cluster
null space results with the total areas covered by the LS types
we identified. We expect that many, possibly infinitely many,
independent small frequency LS types to exist in the SDL,
similar to the ABL. Another interesting point about the LS
types is that they can all be chosen to have a constant density
over their support. Such a choice was possible for the ABL but
not for the PL. It is unclear why the LS would be organized
in a specific form for the two lattices or which property of the
PL prevents the same situation.

The perpendicular space images of LS types suggest a hier-
archical organization. The allowed perpendicular space region
for a single vertex of type-A3 is just the allowed region for

the type-Al state scaled by &£. Consequently, their frequencies
differ by a factor of £2. The SDL has deflation symmetry,
where £ is the scaling factor between the original lattice and
its deflation [33]. It is not unreasonable to conjecture that an
infinite number of LS types are generated by deflation [30].
We present such a conjecture in Table III.

The support of any LS type defines a domain in the real
space lattice. The deflation applied to this domain creates a
larger domain and possibly new LS types. We specify five
different domains. In the domain of A°, the LS types Al and
A2 are defined. Applying deflation to this domain generates
the domain A', where LS types A3 and A4 occur. The LS
types B1 and B2 live in the B’ domain. LS types C1, C2,
define C?, C3, C4 similarly define C;). Our last domain, C?,
contains the LS types C6, C7, C8, and C9. If these are the only
domains that are not generated by deflation, and deflations

FIG. 19. LS type-A4. The allowed region area and frequency is the same as type-A3 fi4 =~ 0.00069 although there are many more vertices

in the support.
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TABLE 1. Perpendicular space areas for the allowed areas of
vertices for the 18 LS types. The ratio of these areas to the area of
V12, combined with symmetry factors yield the LS type frequencies.

LS type Areas of polygons in terms of &
Vij 21+8)
Al, A2 2ET+E7)
A3, A4 2E+E7)
B1, B2 Qe 4674
B3, B4 1QEH+£679
C1,C2 g3
C3,C4 g

C5 23

C6, C7,C8, C9 2

C10 HET+E

of only these domains can generate all LS types, we get

T ) i’ S x SIS : :
Seonj = e e 0.076660 in the thermodynamic
limit. This value is close to our numerical estimate.

V. FORBIDDEN SITES

One of the most critical properties of LS on the PL is that
there are large regions of the lattice where the LDOS is zero.

TABLE II. The eighteen LS types and their frequencies.

LS type Frequency

Al £ = 2021545+ 0,009619

A £2 = 2021543 0,009619

3 £2 = 302005 . 0.000691

Ad £2 = 302003 1 0,000691

B1 ¥R _ 03 L 0,015717
B 35*315*4 = 111043 - 0,015717
B3 35—5:{6 = WI-M3 . ,001128
B4 35—5:{6 = WM ,001128
- £ _ 133 0,006098
- 5*315*4 _ % ~ 0.006098
- 57425*5 = 492653 0,003268
4 57425*5 = 492653 0,003268
os £2460 _ 1I99Y3 . 0,000876
6 E5HE0 B9V () 000438
- E5HE0 _ TB9VS L (000438
- E5HE0 B9V L (000438
o E5HE0 _ IB99VS L (000438
c10 % = 18178045 0,000185
_ 235—4;245-5 _ 10919—26304~/§ ~ 0.075855

More specifically, the lattice is split by strings of forbidden
sites, and each part has LS only in one of the sublattices [22].
Any site in the PL is either a forbidden site or in the support of
at least one LS [29]. Contrary to the PL, large-scale numerical
results for the ABL show no forbidden sites [30,31].

The LDOS picture we obtained for the SDL differs from
the PL and the ABL results. First, LDOS of a sublattice is not
confined to any regions like the PL but is spread somewhat
uniformly throughout the lattice. However, there are isolated
sites that have zero LDOS. We identified four ways local
connectivity can prevent a site from hosting an LS. A single
forbidden site can also forbid a finite string of sites. We give
two of these arguments in this section, and two more are in the
Appendix.

First consider the local environment shown in Fig. 14, an F'
site in the odd sublattice encircled by five C sites and an E site.
All the neighbors of the central F' are in the even sublattice.
Hence, they give an equation relating the wavefunctions of
their neighbors. First, consider the equations provided by the
sites labeled 1 and 2 in the figure. Subtracting these two
equations give us V| = W,. The same operation on Egs. (3)
and (4) similarly gives W; = W;. Finally, equations on sites
5 and 6 give W, = W3 4+ Wy. The only possible solution is
W, = 0, making this site a forbidden site. Any time a site
is labeled as forbidden, we look for next-nearest neighbors
that must have the same wavefunction due to local con-
nections. There may be a string of attached sites to any
forbidden site. There may be up to 11 more linked forbid-
den sites for the forbidden site identified above, as shown in
Fig. 14.

As the second argument, consider the configuration in
Fig. 15. First, using logic similar to the above argument, we
can subtract equations of sites that share two neighbors to
identify three pairs marked with the wavefunctions W, =5,
and £W;. We identify two more sites with the wavefunctions
Wy, Ws. Considering the sum of Egs. (2), (3), and (4) and
subtracting the equation from the central site 1, we obtain
U, 4+ ¥y + W5 = 0. A new forbidden site can be identified
when this equation is combined with the equation on site 5.
There may be six attached sites to this forbidden site, as shown
in Fig. 15.

Two more independent arguments for forbidden sites are
given in Appendix B. Once the real space structure of a
forbidden site is known, it is possible to count the frequency
of their occurrence by calculating the acceptance domains for
the sites that give the necessary equations. We do this for
all the four arguments and their attached sites. The forbidden
perpendicular space regions resulting from all four arguments
are shown in Fig. 16. The total fraction of sites forbidden
through the four arguments is froria =~ 0.038955.

We identified that large regions of perpendicular space be-
long to the support of LS and a much smaller area corresponds
to the forbidden sites. Still, there are regions in perpendicular
space that are not identified as forbidden or allowed for an
LS vertex. Repeating the LDOS calculation in perpendicular
space gives us at least a suggestion about the properties of
the unidentified regions. The result of such a calculation on
80-deep neighborhoods of five random starting perpendicular
space points is given in Fig. 17. Identifying small regions
in perpendicular space is challenging as no neighborhood
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TABLE III. The scaling argument leading to the conjectured LS frequency fcon = % =~ 0.076660.

LS type Frequency LS type Frequency LS type Frequency LS type frequency LS type Frequency
3 33454 g3 _ _ _ .
AO é_-? BO ;— C)(c) ; C\()) %-4_|_$5 C? §5+€6
Al g2 Bl gESEL gl grEEER gl g2@tte) ) T+
A2 574573 B2 %-—4 3573;-%'74 Cf %-—4573-5574 Cy2 574(%-—4 + %-—5) CZZ %-—4(3;-—5 + 576)
A3 €76§73 B3 %-—6 3573;%'74 Cj %-—6%'73;574 C}} %-76(%-—4 + %-—5) C13 %-—6(5—5 + 576)
3.4 3.4

A $—2n$—3 B" §72n3?’5 2+E C;l 572n€ ;E C;l s—Zn(é-74 +§~75) Czn é_-*Zn(g;—S +E—6)

o L > El i 00 £l o0 AT o0 SaEY
ZO 27 ZO 2E2-1) ZO 2= ZO 21 ZO 21

=l ) XD 0’.";‘.
@e= P )8 B8O Y N

L
HOTE R Oy T 1 v
AT P SO A T COA LK AL % ¢ I
] ;.; 30N o-ﬂ {7 0/.-1“5.

Lyl N N Y AN
A 2PA T TOA DG A7 AR

8 BRGRY T N2 T IR S -

V= “ .\‘ "..’ I. “ ngq L4

MAPY L LB TOA - ; - -
RQ 0829 T8 20 0T SES\T/ SN GRS
.\‘ ‘“,.\ﬁ‘,. \® ’. “./ \" @ &

8@s (20 e D vA GRS 5 ¢

RO WS O LSO eBs = §= -

%% 0 8 O AR S e e SUNN, 4 o
SO Be 92 7 IS EO Ta SR
AP AR X I NN
\.‘i@/’-ﬂ.‘l‘ ‘l‘\.l 5 . o

B AP S

i

.
(L
o\

Y7
.
)
()
$ S
(Y
'f‘
o
rd

T
7
g
3

¢

ik
4
@79

()
Q}f.’
LX)
)
Py

o
LA

=
{2

Via

X
S8,
o5
Y,
“
B
B
7
b
<~
]
o
=@
e
KA

=g

2
)

o,

.’
\.f‘
AWK
‘.,\
8
S
|
()
X

A |
&

4
1
25
pu
%
1
.‘
lf
5
no
My

&
e
N
p
O
|

(7
%
a‘
-
P
<
o)
()
)
."
LY

g
e
5
N
N

S

{7
o

f,
A
7
951
@\
‘5‘

“

AN

@
—

%

\"0 3
e C A
e

% §é

K
oo
T
]
ol
(1]
L]
@

o
LXK
o

%

@
‘3‘0

[ |/
e

3

%

N
’\4
O
.
,l"c
)
S

()

y | ]

?G
(3
(3
Pl

(]

&

FIG. 27. LS type-C10 has the lowest frequency of the LS types reported in this paper f = ? 2~ 0.00019. There are further LS type, which
have lower frequencies, and are not reported here.
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FIG. 28. Local configurations, which lead to new forbidden sites. The sites encircled in red cannot be in the support of an LS.

uniformly samples the perpendicular space. Nonetheless, we
expect that all F, D, and E vertices are in the support of some
LS. There seem to be forbidden regions of C vertices next
to the identified forbidden areas. We cannot be sure about the
areas close to the tips of the C and the B regions; LS may cover
those regions entirely. Overall, the lower bound we provide
for the LS fraction and the identified forbidden sites seem to
give a reasonably comprehensive picture of the perpendicular
space.

VI. CONCLUSIONS

Socolar dodecagonal lattice is a quasicrystal closely related
to the ABL and PL. A recent paper [34] considered the vertex
tight-binding model on this lattice and numerically found that
Jfxum = 0.076 of the states are in the zero-energy manifold.
The same paper claims that considering a small family of LS
types does not adequately explain the observed LS fraction.
We study the same model and used a scaling argument to
find the LS fraction using smaller lattices with open bound-
ary conditions. Our result agrees with Ref. [34] for the LS
fraction of fyum = 0.0761. However, we find different results
for the frequencies of the LS types. We believe our method
based on perpendicular space images of LS types is less error

prone than methods based on inflation-deflation. We find 18

10919—6304+/3 ~

LS types, which provide a lower bound fi s = >

0.07585 for the LS fraction.

Beyond finding the LS types that explain the 99.7% of
the numerical value, we also calculate the zero-energy LDOS
for this lattice. We find that zero-energy LDOS is nonzero
throughout most of the lattice, yet we also observe that some
sites have zero LDOS. We show that some local structures
in the SDL prohibit specific sites from hosting LS. We give
four arguments leading to forbidden sites and using their
perpendicular space images, and we find that at least frorbig =~
0.038955 of the sites cannot host any LS.

The LS type structure of the SDL is more similar to the
ABL than the PL. All LS types found for the SDL and the
ABL have wavefunctions of constant density and alternating
sign. Both lattices require extensive LS types with very low

frequency, while just six LS types span PL zero-energy man-
ifold. In a forthcoming paper, we also study the robustness of
the zero-energy manifold with respect to an applied magnetic
field. The SDL loses most of its zero-energy LS with an
applied field similar to the ABL and in direct contrast with
the PL. One property of SDL closer to the PL than the ABL is
the presence of forbidden sites.

All three lattices, the ABL, the PL, and the SDL, are
obtained by a similar projection procedure from four-, five-
, and six-dimensional simple cubic lattices. All three have
perpendicular spaces that reduce to two-dimensional polygons
and have scaling symmetries. Our results indicate that the
zero-energy manifold of the SDL and the ABL may be more
generic compared to the PL. However, we cannot pinpoint
what property of the quasicrystal controls the frequency, ro-
bustness, or the required number of LS types. Similarly, we
cannot predict the existence or frequency of forbidden sites
beyond finding specific instances of local environments. We
hope these questions will stimulate further research into ele-
mentary excitations in quasicrystals.

APPENDIX A: LS TYPES WITH LOW FREQUENCY

We give the real space configurations of ten LS types
in addition to the eight in the main text. For each type in
Figs. 18-27, we plot the real-space configuration and the
allowed areas for each vertex in V. The areas covered by
all previous LS types are indicated as a gray background so
that the independence of the new LS type can be visually
established.

APPENDIX B: FORBIDDEN SITES WITH LOW
FREQUENCY

The configurations in Fig. 28 allow us to find new forbid-
den sites. We start with the left configuration. Equations on
site 1 and site 2 are Wy + ¥ + W3 = 0 and Wy + V| + ¥, +
W, = 0, respectively, and, here, we get W, + W, = W3. Thus,
the equation on site 3 gives us the first forbidden site shown
by the red circle for this configuration. The equation on site 4
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gives the second forbidden site. We can easily get Vs + W +
Uy = W3 = —(Wg + Yo + W) by equations on sites 5 and 6.
Finally, the equation on site 7 gives us the last forbidden site
for this configuration.

For another forbidden site, consider the right configuration
in Fig. 28. Here equations on site 1, W, + W, + Wy +
Uy, =0, and on site 2, ¥+ W, + Ws+ ¥s5=0,
give us the following equation: W4+ Ws = Wi+ Wyy.

From equations on site 3, W4+ Ws+ We+ Wy =0,
and on site 4, We+ W7+ Wg+ Vg + V=0, we
obtain following relations: U+ W, = Vg 4+ Wy =
—(\1/8 + \Ifg + “I’IIO) = —(\Ifl() + l1»114). Equation on site
5, W4+ W+ W+, +W¥,+W¥3=0 gives us
—(W9 + Vig) = ¥y + Vi + Wi3. Now if we consider
equation on site 6, we find that the site shown by red circle is
forbidden.

[1] D. Shechtman, 1. Blech, D. Gratias, and J. W. Cahn, Metallic
Phase with Long-Range Orientational Order and No Transla-
tional Symmetry, Phys. Rev. Lett. 53, 1951 (1984).

[2] L. Bindi, P. J. Steinhardt, N. Yao, and P. J. Lu, Natural qua-
sicrystals, Science 324, 1306 (2009).

[3] Z. V. Vardeny, A. Nahata, and A. Agrawal, Optics of photonic
quasicrystals, Nat. Photonics 7, 177 (2013).

[4] D. Tanese, E. Gurevich, F. Baboux, T. Jacqmin, A. Lemaitre,
E. Galopin, I. Sagnes, A. Amo, J. Bloch, and E. Akkermans,
Fractal Energy Spectrum of a Polariton Gas in a Fibonacci
Quasiperiodic Potential, Phys. Rev. Lett. 112, 146404 (2014).

[5] K. Viebahn, M. Sbroscia, E. Carter, J.-C. Yu, and U. Schneider,
Matter-Wave Diffraction from a Quasicrystalline Optical Lat-
tice, Phys. Rev. Lett. 122, 110404 (2019).

[6] K. Singh, K. Saha, S. A. Parameswaran, and D. M. Weld, Fi-
bonacci optical lattices for tunable quantum quasicrystals, Phys.
Rev. A 92, 063426 (2015).

[7] L. C. Collins, T. G. Witte, R. Silverman, D. B. Green, and K. K.
Gomes, Imaging quasiperiodic electronic states in a synthetic
penrose tiling, Nat. Commun. 8, 15961 (2017).

[8] C. Janot, Quasicrystals: A Primer, Monographs on the physics
and chemistry of materials (Clarendon Press, Oxford, 1997).

[9] D. Levine and P. J. Steinhardt, Quasicrystals. I. Definition and
structure, Phys. Rev. B 34, 596 (1986).

[10] J. E. S. Socolar and P. J. Steinhardt, Quasicrystals. II. Unit-cell
configurations, Phys. Rev. B 34, 617 (1986).

[11] S. Ostlund, R. Pandit, D. Rand, H. J. Schellnhuber, and E. D.
Siggia, One-Dimensional Schrédinger Equation with an Almost
Periodic Potential, Phys. Rev. Lett. 50, 1873 (1983).

[12] M. Kohmoto, L. P. Kadanoff, and C. Tang, Localization Prob-
lem in One Dimension: Mapping and Escape, Phys. Rev. Lett.
50, 1870 (1983).

[13] A. Jagannathan, The fibonacci quasicrystal: Case study of hid-
den dimensions and multifractality, Rev. Mod. Phys. 93, 045001
(2021).

[14] B. Sutherland, Self-similar ground-state wave function for elec-
trons on a two-dimensional Penrose lattice, Phys. Rev. B 34,
3904 (1986).

[15] F. Piéchon and A. Jagannathan, Energy-level statistics of elec-
trons in a two-dimensional quasicrystal, Phys. Rev. B 51, 179
(1995).

[16] N. Macé, A. Jagannathan, P. Kalugin, R. Mosseri, and F.
Piéchon, Critical eigenstates and their properties in one- and
two-dimensional quasicrystals, Phys. Rev. B 96, 045138 (2017).

[17] T. Rieth and M. Schreiber, Numerical investigation of electronic
wave functions in quasiperiodic lattices, J. Phys.: Condens.
Matter 10, 783 (1998).

[18] H. Tsunetsugu, T. Fujiwara, K. Ueda, and T. Tokihiro, Elec-
tronic properties of the Penrose lattice. I. Energy spectrum and
wave functions, Phys. Rev. B 43, 8879 (1991).

[19] E. S. Zijlstra and T. Janssen, Density of states and localization
of electrons in a tight-binding model on the Penrose tiling, Phys.
Rev. B 61, 3377 (2000).

[20] P. Repetowicz, U. Grimm, and M. Schreiber, Exact eigenstates
of tight-binding Hamiltonians on the Penrose tiling, Phys. Rev.
B 58, 13482 (1998).

[21] P. Kalugin and A. Katz, Electrons in deterministic quasicrys-
talline potentials and hidden conserved quantities, J. Phys. A:
Math. Theor. 47, 315206 (2014).

[22] M. Arai, T. Tokihiro, T. Fujiwara, and M. Kohmoto, Strictly
localized states on a two-dimensional Penrose lattice, Phys.
Rev. B 38, 1621 (1988).

[23] M. Kohmoto and B. Sutherland, Electronic States on a Penrose
Lattice, Phys. Rev. Lett. 56, 2740 (1986).

[24] T. Odagaki and D. Nguyen, Electronic and vibrational spec-
tra of two-dimensional quasicrystals, Phys. Rev. B 33, 2184
(1986).

[25] T. C. Choy, Density of States for a Two-Dimensional Penrose
Lattice: Evidence of a Strong Van-Hove Singularity, Phys. Rev.
Lett. 55, 2915 (1985).

[26] J. Vidal, R. Mosseri, and B. Dougot, Aharonov-Bohm Cages
in Two-Dimensional Structures, Phys. Rev. Lett. 81, 5888
(1998).

[27] B. Sutherland, Localization of electronic wave functions due to
local topology, Phys. Rev. B 34, 5208 (1986).

[28] A. Koga and H. Tsunetsugu, Antiferromagnetic order in the
Hubbard model on the Penrose lattice, Phys. Rev. B 96, 214402
(2017).

[29] M. Mirzhalilov and M. O. Oktel, Perpendicular space account-
ing of localized states in a quasicrystal, Phys. Rev. B 102,
064213 (2020).

[30] A. Koga, Superlattice structure in the antiferromagnetically
ordered state in the Hubbard model on the Ammann-Beenker
tiling, Phys. Rev. B 102, 115125 (2020).

[31] M. O. Oktel, Strictly localized states in the octagonal Ammann-
Beenker quasicrystal, Phys. Rev. B 104, 014204 (2021).

[32] E. Day-Roberts, R. M. Fernandes, and A. Kamenev, Nature
of protected zero-energy states in Penrose quasicrystals, Phys.
Rev. B 102, 064210 (2020).

[33] J. E. S. Socolar, Simple octagonal and dodecagonal quasicrys-
tals, Phys. Rev. B 39, 10519 (1989).

[34] A. Koga, Antiferromagnetically ordered state in the half-filled
Hubbard model on the socolar dodecagonal tiling, Mater. Trans.
62, 360 (2021).

064207-17


https://doi.org/10.1103/PhysRevLett.53.1951
https://doi.org/10.1126/science.1170827
https://doi.org/10.1038/nphoton.2012.343
https://doi.org/10.1103/PhysRevLett.112.146404
https://doi.org/10.1103/PhysRevLett.122.110404
https://doi.org/10.1103/PhysRevA.92.063426
https://doi.org/10.1038/ncomms15961
https://doi.org/10.1103/PhysRevB.34.596
https://doi.org/10.1103/PhysRevB.34.617
https://doi.org/10.1103/PhysRevLett.50.1873
https://doi.org/10.1103/PhysRevLett.50.1870
https://doi.org/10.1103/RevModPhys.93.045001
https://doi.org/10.1103/PhysRevB.34.3904
https://doi.org/10.1103/PhysRevB.51.179
https://doi.org/10.1103/PhysRevB.96.045138
https://doi.org/10.1088/0953-8984/10/4/008
https://doi.org/10.1103/PhysRevB.43.8879
https://doi.org/10.1103/PhysRevB.61.3377
https://doi.org/10.1103/PhysRevB.58.13482
https://doi.org/10.1088/1751-8113/47/31/315206
https://doi.org/10.1103/PhysRevB.38.1621
https://doi.org/10.1103/PhysRevLett.56.2740
https://doi.org/10.1103/PhysRevB.33.2184
https://doi.org/10.1103/PhysRevLett.55.2915
https://doi.org/10.1103/PhysRevLett.81.5888
https://doi.org/10.1103/PhysRevB.34.5208
https://doi.org/10.1103/PhysRevB.96.214402
https://doi.org/10.1103/PhysRevB.102.064213
https://doi.org/10.1103/PhysRevB.102.115125
https://doi.org/10.1103/PhysRevB.104.014204
https://doi.org/10.1103/PhysRevB.102.064210
https://doi.org/10.1103/PhysRevB.39.10519
https://doi.org/10.2320/matertrans.MT-MB2020003

M. AKIF KESKINER AND M. O. OKTEL PHYSICAL REVIEW B 106, 064207 (2022)

[35] N. de Bruijn, Algebraic theory of Penrose’s non-periodic tilings [37] M. Gardner, Extraordinary nonperiodic tiling that enriches the

of the plane. I, Indagationes Math. (Proc.) 84, 39 (1981). theory of tiles, Sci. Am. 236, 110 (1977).
[36] N. de Bruijn, Algebraic theory of Penrose’s non-periodic tilings [38] M. O. Oktel, Localized states in local isomorphism classes of
of the plane. II, Indagationes Math. (Proc.) 84, 53 (1981). pentagonal quasicrystals, Phys. Rev. B 106, 024201 (2022).

064207-18


https://doi.org/10.1016/1385-7258(81)90016-0
https://doi.org/10.1016/1385-7258(81)90017-2
https://doi.org/10.1038/scientificamerican0177-110
https://doi.org/10.1103/PhysRevB.106.024201

