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Nonorientability-induced P77 phase transition in ladder lattices
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We study parity-time (7P7) phase transitions in the energy spectra of ladder lattices caused by the interplay
between nonorientability and non-Hermitian P77 symmetry. The energy spectra show level crossings in circular
ladder lattices with increasing on-site energy gain-loss because of the orientability of a normal strip. However, the
energy levels show P7T phase transitions instead of the avoided level crossings of a Hermitian situation in P7 -
symmetric Mobius ladder lattices due to the nonorientability of a Mdbius strip. The latter effectively presents a
perturbation that would cause avoided level crossing in a Hermitian situation, but leads, in the presence of P7T
symmetry, to locked real energy parts and conjugate values of the imaginary parts. In order to understand the level
crossings of PT -symmetric phases, we generalize the rotational transformation using a complex rotation angle.
We also study the modification of resonant tunneling induced by a sharply twisted interface in P77 -symmetric
ladder lattices. Finally, we find that perfect transmissions at the zero energy are recovered at the exceptional
points of the P7T -symmetric system due to the self-orthogonal states.
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I. INTRODUCTION

Non-Hermitian physics has attracted considerable attention
not only as an important alternative to the Hermitian formal-
ism of quantum mechanics in open systems with energy gain
and loss [1] but also for applications in various optical and
photonic systems [2—7]. In a non-Hermitian system, the eigen-
values are complex and the eigenstates form a biorthogonal
set. The complex eigenvalues have a clear physical meaning:
the real and imaginary parts represent the eigenenergy of a
state and its decay rate, respectively.

The Mobius strip, discovered independently by Mobius
and Listing in 1858, is a continuous one-sided surface formed
by rotating one end of a rectangular strip through 180 deg and
attaching it to the other end [8,9]. This marvelous structure
with only one side and only one boundary is the epitome of
a topologically nontrivial system and shows curious proper-
ties due to its nonorientability. A surface in Euclidean space
is orientable if a two-dimensional figure cannot be moved
around the surface and back to where it started so that it looks
like its own mirror image [10,11]. Otherwise, the surface is
nonorientable. Besides fundamental studies on topology, the
nonorientability of Mobius strips has enabled their use in
many applications in various fields [12—15].

The real-space Mobius strip is therefore a fascinating
system both for mathematicians and physicists. Physics in
particular allows one to realize Mobius strip topologies in var-
ious contexts beyond real space. For example, an exceptional
point (EP), which is a degenerate point of eigenener-
gies in a non-Hermitian system, generates this structure in
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parametric space because of the square root branch prop-
erty of the singular point [16,17]. Such a Mébius strip of
eigenenergies generated in parameter space has been reported
in microwave experiments [18,19], optical microcavities [20],
and a chaotic exciton-polariton billiard [21]. One of the inter-
esting phenomena originating from the nontrivial topology of
non-Hermitian systems is parity-time (P7") symmetry, which
exhibits a spontaneous symmetry-breaking transition from an
unbroken P77 symmetric phase to a broken phase via EPs
[22]. PT symmetry is protected in non-Hermitian systems
with a balance of energy gain and loss represented by the com-
mutation relation [H, P7] = 0, where H is a Hamiltonian.
Many P7T -symmetric systems have been explored in several
fields, including optics [2,3,23-27], electronic circuits [28],
atomic physics [29], and magnetic metamaterials [30].

While the nontrivial Mobius topology in real space has
been widely applied in chemistry [13,14] and biology [15],
there have been only a few related studies in physics [31-33].
Most of these studies were particularly focused on the topo-
logical properties of quantum states in Hermitian systems
[31,32]. In this paper we study how the nonorientability of a
Mobius strip, corresponding to topological nontriviality, gen-
erates and affects the P7 phase transitions in tight-binding
models by comparing circular and Mobius ladder lattices as
the simplest models in real space. Additionally, corresponding
resonances and antiresonances appearing in quantum trans-
port in quasi-one-dimensional lattices are also studied and
compared to the energy spectra in circular and Mobius ladder
lattices.

This paper is organized as follows. In Sec. II we intro-
duce the two systems, circular and Mobius ladder lattices,
and then review their characteristics. In Sec. III we study
eigenenergy evolution as a function of on-site potential in
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FIG. 1. (a) A circular ladder lattice (CLL) and (b) a Mdobius
ladder lattice (MLL). The blue box represents the unit cell of the
CLL, which has two sites with intra-unit cell hopping strength d and
inter-unit cell hopping strength 7.

PT-symmetric cases, and in Sec. IV we consider quantum
transport in P7 -symmetric ladder and twisted-ladder lattices
corresponding to P77 -symmetric circular and Mobius ladder
lattices, respectively. Section V summarizes our results.

IL. SYSTEMS: CIRCULAR AND MOBIUS
LADDER LATTICES

Figure 1(a) depicts a circular ladder lattice (CLL). The
on-site potentials of the upper and lower sites are €, and
€4, respectively, while the intra- and inter-unit cell hopping
strengths are d and ¢, respectively. The Hamiltonian of an infi-
nite ladder lattice can be expressed on the basis of Pauli matrix
o = (oy, 0;) and k-independent vector field h = (—d, §/2 +
iy/2) as

H(k) = h - o + ho(k)oy, (D

where the extra term hy(k) = —f cosk and oy is an identity
matrix. § and y will be used to describe antisymmetric on-site
potentials when we consider Hermitian and P7 -symmetric
situations. The eigenvalues of the Hamiltonian are

S 2
ex = k| + ho(k) = —2¢ cosk + d2+<§+i§> e

which are complex with ¢ = ¢, + ig;. If d = 0, a CLL can be
divided into two circular lattices with hopping strength 7.

Next we consider the Mobius ladder lattice (MLL) shown
in Fig. 1(b) [34]. On-site potentials and inter- and intra-unit
cell hopping strengths are the same as those in the CLL; the
only difference is that one pair of parallel hoppings changes
into cross hoppings. In this paper we model the Mobius strip
with an abrupt change in the hopping parameters and leave the
study of a smooth parameter change to a subsequent work. If
d = 0, the MLL can be considered as one circular lattice with
two times the length of the MLL, which reflects the intrinsic
properties of a Mobius strip.

We consider a CLL with symmetric on-site potential, i.e.,
€, = €4 = 0. The energy bands of the CLL are separated into

two subbands in which states are equally distributed to upper
and lower lattices with odd and even parities, respectively. As
d and ¢t increase, the distance between the two bands and the
bandwidths increase, respectively. Using a periodic boundary
condition, the eigenvalues of the Hamiltonian of a CLL with
N sites are

2
8i:—2tcos%n:|:d (n=1,....N), 3)

where e are the eigenvalues of the corresponding eigenstates
with odd and even parities, i.e., u,(x) = —uy(x) and u,(x) =
uy(x), respectively.

Eigenenergies in the MLL can be obtained by replacing
the boundary condition for a CLL with that for an MLL. As a
result, the eigenvalues of the Hamiltonian of an MLL with N
sites are

2
e_ = —2tcos %ﬂ —d for even parity,
“)
2n— D .
&4 = —2tcos ———— +d for odd parity,
wheren = 1, ..., N. The Bloch wave vectors and correspond-

ing eigenenergies are the same as those in the CLL in the
case of even-parity eigenstates but different in the case of odd-
parity eigenstates. The upper and lower sites exhibit opposite
signs of amplitudes in the case of odd-parity eigenstates,
which correspond to opposite orientations, while the sites
have the same signs of amplitudes (meaning no orientations)
in the case of even-parity eigenstates. Consequently, for the
even-parity case, there is no effect of breaking orientation in
the MLL since there is no orientation even in the CLL. This
changes when odd-parity states are considered. It is noted
that the symmetry of the unit cell plays an important role in
obtaining eigenenergies.

The difference between normal rings and Mobius ring
structures according to the parity of the eigenstates has pre-
viously been studied [35]. It has also been found that the
difference in eigenenergies in the case of odd-parity in a
Mobius ring structure is related to the noninteger azimuthal
mode indices in three-dimensional optical Mdbius strip cav-
ities [33]. In this case, the polarization of light induces an
orientation, such as opposite signs of the amplitudes of the
odd-parity eigenstates. In the next section we study the P7T
phase transitions of complex eigenenergies in P77 -symmetric
cases.

III. ENERGY SPECTRA IN PT-SYMMETRIC CIRCULAR
AND MOBIUS LADDER LATTICES

We consider P7T -symmetric systems that can possess en-
tirely real eigenvalues, which is a crucial factor in the transport
problems of the next section. A P7T -symmetric CLL with
balanced gain and loss is introduced with antisymmetric imag-
inary on-site potentials in Eq. (1), 1i.e., €, = —€; = iy /2. Here
the system parameters are d =t = 1. The non-Hermitian
CLL with P7T symmetry exhibits complex-conjugate paired
energy bands in the P77 -broken phase and real eigenenergies
otherwise.

Figures 2(a) and 2(c) show a P77 phase transition between
unbroken and broken P7 -symmetric phases possessing real
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FIG. 2. (a) Real and (c) imaginary parts of the eigenenergies as a
function of y in a P7T -symmetric CLL with 100 unit cells when d =
t = 1. (b) Real and (d) imaginary parts of the selected eigenenergies.
(e) Real and (g) imaginary parts of the eigenenergies as a function of
y in a PT -symmetric MLL with 100 unit cells when d =t = 1. (f)
Real and (h) imaginary parts of the selected eigenenergies. See also
Figs. 3 and 4 below.

and complex conjugate eigenenergies, respectively. As y in-
creases in the range of 0 < y < y,, pairs of real energies
approach each other to ultimately merge at a corresponding
‘PT phase transition point y, = 2d. After the transition at y =
v, degenerate energies split into two complex conjugate en-
ergies, and the absolute values of the imaginary parts increase
as y increases. The two bands are separable, and thus there is
no band touching except for the case of the EPs, y =y}, in
the PT-symmetric CLL. In the case of the unbroken phase,
the real energy bands are separated with their imaginary parts
being zero, and thus their states are equally distributed to the
upper and lower lattices in spite of the P77 -symmetric on-site
potential [see Fig. 3(b)]. In the case of the broken phase, the
complex energy bands are separated, while their real parts
are the same. The eigenstates belonging to the positive and
negative imaginary energy are not equally distributed to the
upper and lower circular lattices, respectively. It is noted that
PT-symmetric on-site potential in a P7T-symmetric CLL
makes the real parts of the energies attractive, as shown in
Fig. 2(a), while antisymmetric real on-site potential in a CLL
makes the real energies repulsive [36].

Considering only the unbroken region of 0 < y < y,, the
evolution of the eigenenergies shows energy level crossings as
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FIG. 3. (a) Real and (c) imaginary parts of the eigenenergies in
a PT-symmetric CLL showing level crossings of real eigenenergies
of a non-Hermitian system in the P77 -unbroken phase. (b) |e|*> of
two pairs of degenerate eigenstates and (d) |og|> of two pairs of
degenerate eigenstates.

y increases, as seen in Fig. 2(b), because of the orthogonality
of the two separated energy bands. The eigenstates of the
Hamiltonian are given by

V) = alva) + Blve), ®)

where |¥,) = (1,0)7 and |¥,) = (0, 1)7. The corresponding
eigenstates with unbroken phases are equally distributed to the
upper and lower lattices, i.e., |@|> = |B]*> = 0.5, as shown in
Fig. 3(b). Using unitary matrix U, the Hamiltonian changes
into a diagonalized Hamiltonian Hy as

UHU' = Hy, (6)
where
cosf —sinf
U= (sin@ cosf ) 0

From the diagonalized condition of Hy, the general rotating
angle 6 is derived as

0 = sarccot () ®)
= —arccot| —— ).
2 2d

Rotation angle 6 is complex in a P7 -symmetric CLL but
real in a Hermitian CLL with antisymmetric real on-site
potential. Writing complex angle 6 = 6, + i6; for a general
non-Hermitian system, the states can be transformed through
basis transformation with

S4i
ulid = cot 26
2d

cos 20, sin 20, — i sinh 26; cosh 20; ©)
~ sin? 26, cosh? 26; + cos? 26, sinh? 26,

which has two conditions from real and imaginary equations.
For the Hermitian case, the rotating angle can be derived from
this result in cases of 6; = 0. Here P77 symmetry gives a
constraint in that the real part of the equation is zero and there
are two regimes, P77 -unbroken and broken phases, regardless
of the fact that we only have an interest in the unbroken
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phases because of energy level crossings and P77 -symmetric
transitions. In the region of bulk states with unbroken phases
when y < y, in a PT-symmetric CLL, the transformation is
satisfied by 35 = tanh(26;) with 6, = & +n% (n € Z).

Using the rotation of the basis states, the eigenstates [g)
are given by

[vre) = oo |v) + Bo|vry), (10)

where
[W8) = Uly), (11)
[vy) = Uly). (12)

Applying rotation to the states, |og|> and |By|*> are changed
into 0.0 or 1.0 as shown in Fig. 3(d), while both |«|? and |B|?
are equal to 0.5 as shown in Fig. 3(b). On the other hand, in the
region of bulk broken phases when y >y, the transformation
is satisfied by 2; = coth(26;) with 6, = n% (n € Z).

Figures 2(e)-2(h) show evolutions of the eigenenergies in
a PT-symmetric MLL with gain and loss on the upper and
lower lattices, respectively, as y increases. The difference be-
tween the P77 -symmetric CLL and the P7 -symmetric MLL
lies in the existence of P77 phase transitions in the unbroken
regime of the latter when y < y, and a pair of emergent
interface states with a P7 phase transition taking place at y =
24/3 by complex energy inversion appears [37]. As shown in
Fig. 2(f), the PT phase transition in the P7 -symmetric MLL
takes place at a pair of EPs originating from degenerate points
in the P7-symmetric CLL, which are diabolic points (not
EPs) [Fig. 2(b)]. The two EPs are developed with increasing
PT -symmetric potential, where a pair of real energies merge
at one EP and repel at the other, while a pair of imaginary
energies repel at one EP and merge at the other. Through
this process, the quantum states show P7 phase transitions
from unbroken to broken and back to unbroken states again.
This effect is caused by the finite size and discrete lattice of
the system in our MLL with an abrupt parameter change, of
which the lengths between paired EPs of the nonorientability
induced P7T phase transitions decrease as the system size in-
creases. We can clearly see the P7 phase transitions through
measurements of quantum transport in the lattice systems in
the following section.

While there are many energy crossings in the unbroken re-
gion when y < y, in the case of a PT-symmetric CLL, many
pairs of PT phase transitions appear in a P7T -symmetric
MLL. Figure 4 shows strong and weak P7 phase transi-
tions and also that a Hermitian degenerate point splits into
a pair of non-Hermitian degenerate points, or EPs, due to the
non-Hermiticity of this case. The strong or weak P7 phase
transition means that the region of broken states is wider or
narrower. The eigenstates have unbroken phases, of which
eigenenergies are real, before the P77 phase transitions, where
la|?> = |B]*> = 0.5 as shown in Fig. 4(b). In the region, |ay|>
and | By |*> decrease from 1.0 or increase from 0.0. After the P77~
phase transition, i.e., in the broken region, |«|* and |8|? do not
equal 0.5 but are rather closely related to the imaginary parts
of the eigenenergies. In the broken region, |ag|? and |By|? are
equal to 0.5.

e
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FIG. 4. Same as Fig. 3 but for the MLL. (a) Real and (c) imag-
inary parts of the eigenenergies in a P77 -symmetric MLL. (b) ||
of four eigenstates and (d) |ay|* of four eigenstates. The formation
of a pair of EPs sandwiching a region of broken P77 phase is clearly
visible.

Finally, we can understand the emergence of a pair of
EPs in a PT -symmetric MLL instead of a level crossing in
a PT-symmetric CLL as follows. Cross hopping at a point
of the lattice with asymmetric on-site potentials causes the
degeneracies to be lifted through the geometric perturbation,
which transforms the CLL into an MLL. In the case of a
Hermitian Hamiltonian with real asymmetric on-site poten-
tial, it is known that level crossings at the degeneracy points
in the real energy spectra change into avoided level crossings
due to perturbation breaking the symmetries. P77 symmetry,
however, requires that the degenerate points with real energies
of unbroken PT phases in the CLL are lifted into complex
conjugated energies of broken P7 phases in the MLL. For
the non-Hermitian case without P77 symmetry, the degener-
ate points are separated into complex energies—that is, P7T
symmetry guarantees that the degeneracy in unbroken P7T
phases is lifted into broken P7 phases when introducing
a PT -symmetric perturbation. The eigenstates of the MLL
near the level crossing points are dictated by the broken PT -
symmetric states due to the P7 phase transition, while the
MLL eigenstates far from the level crossing points converge
to the unbroken P7T -symmetric states of the CLL. By varying
the non-Hermitian parameter across the level crossing points,
the unbroken phases evolve into broken phases via an EP and
then back into unbroken phases via another EP. As a result, the
degeneracy point in the CLL changes into a pair of exceptional
points in the MLL by perturbation under P77 symmetry.

IV. TRANSPORT IN CORRESPONDING
LADDER LATTICES

In this section we discuss quantum transport in ladder and
twisted-ladder lattices exhibiting energy-level crossings and
PT phase transitions like as in the CLL and MLL. Quantum
transport provides important signatures of defects embedded
in the system as scattering states. The properties of the de-
fects are represented by phase shifts or interference in the
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FIG. 5. (a) A ladder lattice with two leads. The unit cell has
two sites, a and b, with hopping strengths d (dashed lines) and ¢
(solid lines) between the sites. The coupling strength between sites
and leads is y;g;)) (long-dashed lines). (b) A twisted-ladder lattice
with two leads. (c¢) Detangled Fano lattices from a ladder lattice
with symmetric contacts corresponding to (a). The hopping strength
between f, and p, is e_ = (¢, — €;)/2.

transmission probability. A reconfiguration of the quantum
states and corresponding quantum transport in P77 -symmetric
lattices has previously been demonstrated in quasi-one-
dimensional lattices [38,39], where the quantum states can be
controlled by a P77 -symmetric potential. In the broken phase,
the group velocity has been found to be a complex number, of
which the imaginary part is reflected in the suppression of the
transmission due to the attenuation of the evanescent modes.
As a result, quantum transport in the lattice with normal
metallic leads is measured only in the unbroken P77 phases
in the energy band (i.e., real spectra), not in the broken P7T
phases. Here, in addition, the geometrically nontrivial lattice
with non-Hermitian P7 symmetry exhibits novel transport

signatures.
Let us consider quantum transport in a ladder lattice with
antisymmetric imaginary on-site potential, i.e., &, = —g4 =

iy /2. The system under study is composed of a ladder lattice
with N unit cells, as shown in Fig. 5(a), with two leads con-
nected to the left and right end unit cells. The Hamiltonian of
this system is given by

H = Hy| + Hjead + Hcouplinga (13)

where Hip, Hiea, and Heoupling describe the ladder lattice,
leads, and coupling between the lattice and leads, respectively,
and are given by

N N—1
Hyy = Zﬂodjd,» + Z (Hid] di +He),  (14)

i=1 i=1

Vo ¥
Hiewt = == > (el 5+ He), (15)
Jj#0
Hcoupling = _Gld;rc_l — God]T\,Cl +H.c., (16)

where

_ [ €u —d Y 0
HO_ (_d Ed)’ Hl - <O _t>v (17)

and d; (dj) and c; (c;) are particle creation (annihilation)
operators for the lattice and leads, respectively. V,/2 is the
hopping strength in the leads and G'® describes the coupling
between the lattice and the left (right) lead. Considering a
twisted-ladder lattice with two leads as in Fig. 5(b), Eq. (14)
has to be changed into

N N-1
Hq: = ZHOd;di + Z (Hldllldi +H.c)
i—1 i£NJ2,i=1
+Hy'(dy), 1 dnjp + Hee), (18)

where

/ 0 -
H| = (—t 0 >, (19)
which induces cross coupling such as in the MLL.

We construct ladder and twisted ladder lattices of 100
unit cells with symmetric contacts, that is, ¥} = yi=yl=
v] = vo,andt = d = 1. Throughout this work we set yp = 1.
Figures 6(a) and 6(d) show the eigenenergy spectra of the lad-
der and twisted-ladder lattices, respectively. Using the above
Hamiltonian, transmission probability 7 = [¢|> can be ob-
tained as a function of y and energy E, as shown in Figs. 6(b)
and 6(e) corresponding to each lattice (see the Appendix). It
is noted that |r|> 4 |¢|> = 1 in PT -symmetric systems where
[F|? and |¢|? are the reflection and transmission probabilities,
respectively, whereas |r|? + |t|> # 1 in non-Hermitian sys-
tems that do not preserve P77 symmetry.

The paired eigenenergies of the ladder lattices are attracted
under P77 symmetry while the energies are repelled in the
Hermitian system. For the ladder lattice, the unbroken P7T
phase shows level crossings of real eigenenergies, and the
broken P7T phase, y > y,, maintains constant real eigenen-
ergies as shown in Fig. 6(a). For the twisted-ladder lattice, on
the other hand, the energy spectra show P7T phase transitions
at multiple pairs of EPs corresponding to the energy level
crossings in the unbroken region in the P77 -symmetric ladder
lattice, as shown in Fig. 6(d). It is from the features that
distinguish the twisted ladder from the ladder lattices that the
level crossings and P77 phase transitions are developed as a
function of on-site potential iy .

The level crossings and P77 phase transitions are reflected
by resonant and antiresonant peaks through Breight-Wigner
and Fano resonances by means of quantum transport in both
‘PT symmetric ladder lattices, as shown in Figs. 6(b) and 6(c)
and Figs. 6(e) and 6(f). Transmission can be well explained by
the energy spectra in both P77 -symmetric ladder and twisted-
ladder lattices; the transmission peaks trace the energy spectra
of the systems. The attached leads, however, perturb the sys-
tem and modify the self-energy as a non-Hermitian parameter
so that the symmetry of the system is broken. This modi-
fication lifts the degeneracy points, which is reflected by a
transmission suppression at these points. For the simple ladder
lattice, the resonance peaks at zero energy are suppressed with
increasing non-Hermitian parameter y, even in the resonant
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FIG. 6. (a) Eigenenergies as a function of imaginary antisymmetric on-site potential y in a ladder lattice with 100 unit cells. (b) Trans-
mission probability for the ladder lattice in which both a and b sites of the end unit cells are connected to the input and output leads. Yellow,
red, and black colors denote the highest, middle, and lowest transmission probabilities, respectively. (¢) Transmission probability as a function
of y when Re(E) = 0. (d) Eigenenergies as a function of y in a ladder lattice with 100 unit cells and one twisted hopping. (e) Transmission
probability for the twisted-ladder lattice in which both a and b sites of the end unit cells are connected to the input and output leads. (f)
Transmission probability as a function of ¥ when Re(E) = 0. The dark regions in (e) appear larger than in (b) reflecting the presence of
evanescent modes corresponding to imaginary eigenenergies in the broken P7 phase.

condition. A leakage of transmissions is reflected but current
flux is still conserved, similar to the Hermitian systems.

For the twisted-ladder lattice, as aforementioned,
the twisted boundary, causing nonorientability-induced
perturbation, introduces a P77 phase transition at the crossed
levels, which can be captured through resonant transmission.
The twisted boundary reveals perfect resonance, since
the attracted energies coalesce at the EP characterized by
self-orthogonality. Transmission probability at these islands
of broken P7 symmetry in the y < y,, region is suppressed
due to the presence of imaginary parts in the eigenenergies,
cf. Fig. 6(e). Otherwise the transmission itself is perfect
and reaches values of 1 even for increasing non-Hermitian
parameter y, see Fig. 6(f). This finding, that nonorientability
reveals perfect transmission at zero energy through the P7T
phase transition, is notable.

In order to understand the antiresonant states, let us
consider the amplitude equations for a ladder lattice. The
equations of the nth unit cell in a ladder lattice can be
written as

i
Ev, = (?yo—z - do'x) v, —tog(Vp—1 + vn+1)’ (20)

where v, = (a,, b,) is amplitude vector of the nth unit cell.
Applying Eq. (7) to these equations, we obtain amplitude
equations of rotated states, g, = (f,, px) = U(0)v,, as fol-
lows:

Ef, = [(iy/2)cos 26 + d sin 20]f,

_t(fnfl + fnJrl) + -7:(9)Pn,

21

Ep, = [—(iy/2)cos20 — d sin20]p,
(22)
_t(pn—l +Pn+l)+]:(9)fm

where 6 is real and F(0) = [(iy/2)sin20 — d cos20] is a
coupling term for the rotated equations that gives a detangled
condition, Eq. (8), when this term is zero. The condition
provides that the states are completely separated into two or-
thogonal states, f,, and p,, while exhibiting energy crossings.
Here the orthogonal basis is associated with the symmetry of
the leads, which is helpful for understanding the measurement
process. When the rotation angle is 0 = /4, we get

iy
Egn = < - dO’Z + EO-X)gn - th(gn—l +gn+1)» (23)

where the components of g,, f, = (a, — b,)/~/2 and p, =
(an + by)/~/2, are antisymmetric and symmetric configura-
tions, respectively. For the symmetric contacts with leads as
shown in Fig. 5(c), p, and f, states result in resonance and
antiresonance in transmission probability as a function of
incoming energy and on-site potential, respectively, in Fig. 6.
If we use an asymmetric contact, e.g., ¥/ = y? = 0 and y{j =
v,] = vo, both lattices with on-site potentials f, and p, result
in resonances, with no antiresonance.

There is a crucial difference between Hermitian and
non-Hermitian P7 -symmetric systems, namely whether the
coupling between f, and g, in Eq. (23) is real or imaginary ac-
cording to the system possessing real mass or P7T -symmetric
mass. This imaginary coupling drives the attraction between
the real parts of the paired energy bands and then shows a
PT phase transition. The transition is at a collective EP in
both PT -symmetric lattices at ¥ = y,, in Figs. 6(a) and 6(d).
While the transmission probability shows resonant features of
the bulk states in unbroken P7 phases, y < y;, the transmis-
sion probability is completely suppressed in the broken phase,
y > Y, due to the lack of resonant energy in the real energy
space, as shown in Figs. 6(b) and 6(e). The real eigenenergies
of the unbroken P77 phases correspond to propagating modes,
while the complex eigenenergies of the broken P77 phases are
reflected in evanescent modes. As a result, in the broken PT

042207-6



NONORIENTABILITY-INDUCED P7T PHASE ...

PHYSICAL REVIEW A 103, 042207 (2021)

phase, transmission is suppressed due to the attenuation of the
evanescent modes irrespective of the details of the system.
In contrast, the resonant transmission features seen in the
unbroken regime reflect real eigenenergies.

V. SUMMARY

We have studied the energy spectra of P7 -symmetric
ladder lattices containing nonorientability and correspond-
ing quantum transport. Energy crossings and P7T phase
transitions in both circular and Mobius ladder lattices have
been demonstrated and explained using generalized rotational
transformation. Quantum transport in non-Hermitian P7 -
symmetric ladder lattices without and with a sharply twisted
interface, corresponding to the circular and Mobius ladder
lattices, respectively, have also been studied. Transmission
probabilities show resonance and antiresonance in the energy
spectra exhibiting energy crossings and P77 phase transitions.
Notably, the perfect transmission probability at the zero en-
ergy is recovered by the P77 phase transition. We expect the
combination of non-Hermiticity with real-space topological
structures, like the P77 -symmetric Mobius ladder lattice, to
broaden the horizon of applications beyond existing non-
Hermitian systems.
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APPENDIX: TRANSMISSION PROBABILITY

The amplitude equations of the total Hamiltonian of
Eq. (13) can be written as

Vo T
E¢p_ = —Eff’—z +G' V¥, (A1)
J
Hy (E
—e G e"G'" Hy—EI H,

0 Hf Hy — EI

0

0

0

EV, = HyV, + H ¥, +¢_,G', (A2)

EW; =HoW; + H{W; | + Hi¥;,; Q2<j<N-1D),

(A3)
EWy = HyWy + H Wy | + ¢,G°, (A4)
VO oT
E¢ = —sz + G7 Wy, (AS)
where
b = e 4 ye~id (j <0) (A6)
=t (j>0). (A7)

Here ¢; represents the jth sites of the leads and G is
given by

(A8)

and r and ¢ are reflection and transmission coefficients, re-
spectively, with |r|* 4 |¢]*> = 1 in the Hermitian case. We then
obtain the following equations:

—% = %wG"T\yl, (A9)

—e "G = &rG' + (Hy — E)¥1 + Hi¥,,  (A10)
0=H{W, |+ (Hy— E); +HWV,., (All)

0=H Wy |+ (Hy— E)¥y +€G°,  (A12)

0=204 GT Wy, (A13)

2

where the energy of the leads is given by e = —E/V, +

1 — |E/Vp|?. Finally, we can obtain R and T for the ladder
lattice from the following equation:

-
v
H, W,
. , : (A14)
H' Hy—EI H, Wy,
Hl ~— Hy—EI &9G° || ¥

oT Vo
G 5 t

Hamiltonians Hy and H; are 2 x 2 matrices that describe the unit cell and the coupling between nearest unit cells, respectively.

We set V) = 10 throughout this paper.
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