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Exceptional hypersurfaces of transfer matrices of finite-range lattice models and their consequences
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We investigate the emergence and corresponding nature of exceptional points located on exceptional hyper-
surfaces of non-Hermitian transfer matrices for finite-range one-dimensional lattice models. We unravel the
nontrivial role of these exceptional points in determining the system-size scaling of electrical conductance in
nonequilibrium steady state. We observe that the band edges of the system always correspond to the transfer
matrix exceptional points. Interestingly, albeit the lower band edge always occurs at wave vector k = 0, the
upper band edge may or may not correspond to k = m. Nonetheless, in all the cases, the system exhibits
universal subdiffusive transport for conductance at every band edge with scaling N=* with scaling exponent
b = 2. However, for cases when the upper band edge is not located at k = m, the conductance features interesting
oscillations with overall N=2 scaling. Our work further reveals that this setup is uniquely suited to generate
higher-order transfer matrix exceptional points at upper band edge when one considers finite-range hoppings
beyond nearest neighbor. Additional exceptional points other than those at band edges are shown to occur,
although interestingly, these do not give rise to anomalous transport.
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I. INTRODUCTION

Understanding of the emergence of exceptional points and
exceptional surfaces in non-Hermitian Hamiltonian systems
is an active and rapidly growing area of research [1-9].
Typically these exceptional points are extremely sensitive
to external perturbations and therefore are useful for poten-
tial applications in cavity quantum electrodynamics, spectral
filtering, sensing, lasing, and thermal imaging [4,7-9]. More-
over, exceptional hypersurfaces i.e., hypersurfaces hosting
exceptional points, are more beneficial than a discrete ex-
ceptional point. This is because, in realistic setups, tuning
and stabilizing a system to a discrete exceptional point, es-
pecially in large parameter space, is highly challenging and
often impossible [1-4]. Similar to non-Hermitian Hamilto-
nian, for one-dimensional (1D) nearest-neighbor tight-binding
systems, the underlying non-Hermitian transfer matrix of the
lattice is known to have exceptional points at the band edges
[10]. However exceptional hypersurfaces (i.e., higher dimen-
sional) of transfer matrices for such lattice systems have
not been reported earlier. Interestingly, beyond the nearest-
neighbor hopping model, due to the increased dimensionality
of the transfer matrix, there is a strong possibility of the emer-
gence of exceptional hypersurfaces and thereby higher-order
exceptional points. One of the main aims of this work is to
unravel the nature of transfer matrices for finite-range hopping
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model (involving n number of neighbors where n does not
scale with system size N).

Understanding nonequilibrium steady-state transport prop-
erties in low-dimensional lattice systems is another important
area of research [11-16]. This is crucial both from a fun-
damental perspective as well as from a technological point
of view. A deep understanding of transport behavior is
paramount to realize efficient quantum devices [17-20]. The
study of quantum transport in low-dimensional systems is
interesting as often it shows deviation from the normal dif-
fusive behavior or standard Ohm’s law/Fourier’s law which
is one of the reasons why low-dimensional systems have
been of fundamental interest [11-13]. Sample examples of
low-dimensional systems include 1D and 2D systems with
random and quasiperiodic disorder [21-32]. For the random
disorder case, Anderson localization occurs in 1D and 2D
which essentially unravels the exponential nature of localiza-
tion of all the single-particle states [21-23]. As a consequence
of exponentially localized single-particle states, the transport
exponentially decays as a function of system size N. Recall
that, in absence of disorder, transport is independent of system
size (ballistic transport) [11,15]. Therefore, both the clean and
disordered systems show deviations from normal diffusive
behavior akin to the Ohm’s law.

Quasiperiodic disordered systems in low dimensions are
known to show unusual and rich transport properties. The
study of transport properties in low-dimensional quasiperiodic
systems gained a lot of attention because of very success-
ful experimental realizations in various platforms [33-40].
These systems often show anomalous transport in different
cases [29,30,32,41-44]. Note that, in anomalous transport
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conductance G ~ N~? where 0 < b # 1. b=1 is the limit
of diffusive transport. b > 1 refers to subdiffusive transport
whereas 0 < b < 1 refers to superdiffusive transport. Al-
though such quasiperiodic disordered systems often show
anomalous transport, the microscopic understanding of the
anomalous transport is far from being fully understood.

Interestingly, in a recent work, it was shown that for a 1D
nearest-neighbor tight-binding fermionic lattice with periodic
onsite potential, the conductance displays subdiffusive scaling
at the band edges of the system. The origin of this effect was
shown to be connected to the presence of exceptional points
corresponding to the non-Hermitian transfer matrices of the
lattice [10]. Moreover, such a subdiffusive scaling at the band
edges was also observed in long-range lattice systems with
power-law hopping (involving n numbers of neighbors where
n scales with system size N) [45] where the transfer matrix
approach is not well suited. The understanding behind this
effect for long-range systems is still lacking. To bridge the gap
between nearest-neighbor hopping systems and long-range
hopping systems, investigation of the transport properties of
finite-range hopping model and its connection with underly-
ing transfer matrices is crucial.

In this work, we provide an in-depth understanding of
emergence of exceptional hypersurfaces of transfer matrices
in finite-range hopping model and their impact on nonequilib-
rium steady-state (NESS) quantum transport properties. Our
main findings can be summarized as follows:

(1) We establish the nontrivial connection between
nonequilibrium steady-state (NESS) conductance and under-
lying (2n x 2n)-dimensional non-Hermitian transfer matrix
for finite-range lattice models.

(2) We always find the appearance of exceptional points of
various orders at the band edges of the lattice, which crucially
depends on #n. It is important to note that by “points” we also
mean “hypersurfaces” in more general sense. We unravel the
nontrivial role played by these exceptional points in determin-
ing the universal system size scaling of NESS conductance
with scaling exponent b = 2. We further demonstrate that the
value of the scaling exponent is remarkably robust to the order
of the exceptional point.

(3) We find that for finite-range hopping model (n > 1) the
location of the upper band edge does not always correspond
to k = . In such cases, we observed interesting oscillation
features in conductance with overall N2 scaling.

The plan of the paper is as follows: In Sec. II, we provide
the lattice Hamiltonian and dispersion relation for the finite-
range hopping model. In Sec. III, we discuss the open-system
transport properties. First, we provide the nonequilibrium
steady-state (NESS) conductance in detail (Sec. IIT A). To
calculate conductance, it is important to compute the Green’s
function. It can be calculated using the transfer matrix ap-
proach. Thus, in Sec. III B we discuss the connection between
transfer matrices and NESS conductance. This connection
involves the exponents of transfer matrices. In Sec. IV, we
discuss the details of eigenvalues (Sec. IV A), eigenvectors
(Sec. IV B), and exponents of transfer matrices (Sec. IV C).
In Sec. V, we first provide the results for transfer matrix
properties for finite-range hopping model with n = 2 followed
by the scaling of NESS conductance (Sec. V A). Next, in
Sec. VB we provide generalizations of some results beyond

n = 2. Then, in Sec. V C we discuss the robustness of some
results. Finally, in Sec. VI, we conclude and discuss future
directions. In Appendix A we provide detailed calculations
establishing the connection between transfer matrix and con-
ductance. In Appendix B, we show the nature of transfer
matrix eigenvalues analytically for n = 2.

II. LATTICE HAMILTONIAN AND DISPERSION
RELATION

In this section, we introduce the tight-binding Hamiltonian
for the finite-range hopping model and provide the details of
the dispersion relation. The Hamiltonian for our setup is given
as

twl éiym + Hec. 1)

>

i =1

N n
=1 m
Here é: (¢;) is the fermionic creation (annihilation) operator.
t,, 1s the hopping strength for mth neighbor. We consider the
lattice size as N with n being the total number of neighbors to
the left and to the right of a particular lattice site, if any. In the
thermodynamic limit, the dispersion relation for this setup is
given as

wlk) = =2 Z t,y cOS mk. )
m=1

We immediately notice from Eq. (2) that the minimum value
of w(k) which corresponds to the lower band edge always
occurs at wave-vector value k = 0. The value of the energy
at the lower band edge (k = 0) is

ok =0)= -2 Ztm. 3)
m=1

Interestingly, the maximum value of w(k) which corresponds
to upper band edge may or may not always occur at k = 7
and crucially depends on the range of hopping n and strength
of hopping #,,. We now find a condition which decides whether
or not k = is an upper band edge. For that purpose, we
use Eq. (2) and demand (negative second derivative implying
maxima at k = 1)

d*w(k)
dk?

=2 (=1)"m*t, < 0. )
4 m=1

Note that, at the extremum (maxima or minima) of w(k), the
first derivative of w(k) always vanishes. Thus, from Eq. (4) we
immediately receive the condition for getting the upper band
edge at k = w which is given as

E m*t, < E m*ty,. (®)]
meeven meodd

Note that, the sum in Eq. (5) is over the range of hopping only.
With this condition [Eq. (5)] being satisfied and using Eq. (2),
we see that the value for upper band edge energy is given as

wk=m)=2) (—1)""1,. (6)

m=1
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Now, for the condition

Z mztm > Z mztm, @)

meeven meodd

the upper band edge will occur at some different k = k| # 7.
An interesting situation appears when

Z m*t, = Z m*t,, ®)
meeven meodd
in which case the second derivative in Eq. (4) disappears.
Hence, one needs to look at the higher-order derivatives to
conclude about the upper band edge. Now, as the third deriva-
tive at k = m is always zero, we look at the fourth-order
derivative which is given as

d*o(k)
dk*

=2 Z(—l)m“m“zm. )
=n m=1

k

Interestingly, for even number of hoppings (n = even)
along with the condition in Eq. (9), we find that

d*w(k)

T <0 (10)

k=m

which implies a local maximum at k = &. Thus, in such a
scenario the w(k) value given in Eq. (6) is the upper band
edge. However, for odd number of hoppings (n = odd), the
condition in Eq. (9) implies

d*w(k)
dk*

>0 (11)

k=m

is greater than zero, ensuring a local minimum. But, since
k = 0 always corresponds to a global minimum (lower band
edge), in this situation k = 7 will not correspond to any band
edge and, therefore, the upper band edge will occur at some
different k = k; where k; # 7.

In summary, the above analysis points out that for finite-
range hopping model, kK = 0 always corresponds to the lower
band edge. But, kK = m may or may not correspond to the
upper band edge and depends crucially on the conditions as
given in Eqgs. (5), (7), and (8). In what follows, we will see
interesting consequences of this fact in the NESS transport
properties. It is important to note that for the nearest-neighbor
hopping model, i.e., n = 1, the upper band edge is always at
k = m which is also clear from Eqgs. (2) and (4).

III. OPEN QUANTUM SYSTEM TRANSPORT PROPERTIES
A. Nonequilibrium steady-state conductance

In this section, we are interested in computing the NESS
conductance when the finite-range hopping lattice chain is
connected with two fermionic baths at its two ends, i.e., at
site 1 and site N. The baths are modeled by infinite number
of fermionic modes and the associated spectral functions are
denoted by J;(w) and Jy(w), respectively. At the initial time
t = 0, both the baths are kept at zero temperature (8 = 00)

but at slightly different chemical potentials u and u — dpu,
respectively. The finite lattice system can, however, be in any
arbitrary initial state. Note that, if the bandwidth of the baths
is larger than the bandwidth of the system, the lattice system
usually reaches a unique NESS in the long-time limit.

In this study, we are interested in the linear response regime
and NESS conductance. Using the nonequilibrium Green’s
function (NEGF) [46-51], we can write the NESS conduc-
tance as [51]

1
G(n) = E:]l(ll)jN(M)lGlN(M)lz- 12)

Here G(w) is the N x N retarded NEGF matrix and is given
as

Gu)=[pl-H-% — 2y, (13)

where H is the N x N single-particle lattice Hamiltonian ma-
trix corresponding to H in Eq. (1), I is a N x N identity
matrix, ¥; and Xy are the diagonal N x N self-energy ma-
trices for the left and right baths with nonzero entries only
at (X1);; and (Xy)yn- Thus, following Eq. (12), to infer the
scaling property of conductance G(u) with system size N we
need to investigate the system-size scaling only for Gy ()
as the spectral functions, being the property of the baths,
are independent of N. Moreover, as the baths are attached at
the two ends of the lattice, the scaling of Gy (n) with N is
directly governed by the scaling of the bare part of the retarded
Green’s function gy (u) [45] defined as

g(n) =[pnl —HI" (14)

In Sec. III B, we focus on the calculation of g() for the finite-
range model by introducing the transfer matrix approach.

B. Connection between retarded bare Green’s function and
transfer matrix

In this section to facilitate further discussion, we first pro-
vide the details of the transfer matrix for the finite-range
lattice model with hopping range n [52,53]. To construct the
transfer matrix, we write the discrete version of the time-
independent Schrodinger equation H |y) = w|v/) as

oY = — 1 Yeqr1 — he—1 — e — Yo+ - -
- tnwl-kn - tnl//Z—nv (15)

where ¥, is the amplitude of wave function at the £th site. We
can rewrite Eq. (15) as

[0 h
Yorn = — t—W - t—[lﬂe—l + Yeql

- ;—2[1/&—2 F el = Ve (16)

n

Following Eq. (16), we can write how the amplitude of
wave function at ({+n), +n—1), ...l —n+2), (£ —
n + 1)th sites are connected with (¢ +n — 1), € +n—2)...,
€ —n+1), (£ —n) th sites via a 2n x 2n transfer matrix
T®(w), given as
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Vign T i A A Jaw Vetrn—1
Yotn_1 1 0 0o ... ... 0 0 0 Yotn—2 Yotn—2
: 0 1 ... 0 . 0 0 0 : . :
=1 . S . . | =T%w | an
Yeont3 : : : : : : : : Vieni2 VYini2
Yo—nt2 0 0 e e . 0 0 Ye—nt1 Yont
Venin 0 0 ... AR Vin

It is clear from the above equation that the transfer matrix of the lattice T)(w) connects the amplitude of the single-particle
wave function between (£ + n)th site to (£ — n)th site which results in connecting 2n number of total sites. As we are dealing
with clean system, the transfer matrix T“ () is independent of site £. Thus, we write the transfer matrix as T(w) instead of
T®(w). By defining

a(lml) = o/ty, Im| =0

a(|m|) = tym /ta,  |m| < nand |m| # 0,

a(lm)) =1, |m|=n and

a(lm|) =0, |m| >n (18)

with m denoting the mth neighbor of a particular site, we can write the general form of 2n x 2n non-Hermitian transfer matrix
T(w) in terms of the defined function a(|m|) as [54]

—amn—-1) —amn-2) ... —a© ... —am-2) —amn-1) -1
1 0 0 0
0 1 0 0
T(w) = . ) ) . ) ) . K (19)
0 0 0 0
0 0 1 0

We now establish the connection between the bare Green’s function defined in Eq. (14) and the transfer matrix of the lattice,
introduced above in Eq. (19). We rescale the single-particle Hamiltonian H by #, where we recall that 7, corresponds to the
hopping strength of a particular site to its furthest neighbor, as allowed by the model. With this rescaling, we can write g as

g() = M(n) ™' /t,, (20)
where
1
M(p) = —[ul — H] 1)

is a symmetric-banded Toeplitz matrix which is also the case for H [54-56]. More explicitly, the (i, j)th matrix element of M()
is given as

({iIM(p)|j) = a(lm|) (22)

withm = j — i and a(0) = u/t,.
As shown in Appendix A, it turns out that one can write the matrix elements of M()~' given in Eq. (21) in terms of the
transfer matrix T(w) given in Eq. (19) as [54]

. . Yot (TG + m) (mM () ™" ), if j>i
M) = y o T (23)
Yoot (T 4 m) (mM ()~ j) — (n|T()~C7H011), if j <

[
with i, j =1,2,...,N. Any matrix element of M(x)~' in  where s = 1,2,3, ..., n. Therefore, using Eqgs. (24) and (23)

Eq. (23) involves the information of (m|M(u)~!|j) with m = one can determine all the matrix elements of the bare Green’s
1,2, ..., n. To determine these unknown matrix elements we  function g(u). Note that for the conductance calculation, we
use the following relation (see Appendix A for the details): only need the component giy(x) which can be directly cal-
n culated using Eq. (24). Furthermore, it is worth noting that

Z<S ol T() ™ n 4+ m) (M)~ ) Eq. (24) involves different powers of the transfer matrix T(w)

which can be calculated by knowing the eigenspectra of the
WD) matrix. In Sec. IV, we provide the relevant details on eigenval-
— (s +n|T()""/7V1) =0, (24)  ues and eigenvectors of the transfer matrices considered here.

m=1
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Before proceeding further, we make the following remark.
It is to be noted that without invoking the notion of transfer
matrix (19), one can directly invert the Green’s function in
Eq. (13) to compute the steady-state conductance. However,
such an approach does not provide a clear picture of ex-
plaining different kinds of anomalous system-size scaling of
conductance. An alternate promising route to capture these
physics is by recasting the Green’s function in Eq. (14)
in terms of the underlying transfer matrix of the lattice
which is inherently non-Hermitian in nature. The appearance
of such transfer matrix can be understood by writing the
Schrodinger equation for the lattice Hamiltonian as can be
seen in Egs. (15)—(17).

IV. TRANSFER MATRIX PROPERTIES
A. Transfer matrix eigenvalues and their relation with lattice
dispersion

In this section, we discuss the eigenvalues of the non-
Hermitian transfer matrix T(u) given in Eq. (19) and its
connection with the lattice dispersion relation. The character-
istic equation for T(u) turns out to be

2n

> a(in—rha" =0, (25)

r=0

where we recall that a(|m|) is given in Eq. (18). A denotes
the eigenvalues of the transfer matrix T(w). We substitute r —
n = r’ and rewrite Eq. (25) as

n

> a(r hat =o0. (26)

We write the eigenvalue in the form
r=¢"Y, where 6 €C. 27
The characteristic equation in Eq. (26) then takes the form
e"F©6) =0, (28)

where we introduce

n—1
F) = [2 > a(r')cos 0 +2 cosnd) + a(O):|. (29)

r'=1

Since ¢ # 0 in Eq. (28), the eigenvalue spectra of the trans-
fer matrix T(u) are obtained from the solution

F(9)=0. (30)

Note that the function F(6) defined in Eq. (30) is an even
function of 8. Therefore, the eigenvalues of the transfer matrix
[Eq. (27)] always appear in the form ¢ and e~ . Interestingly,
if we associate the variable 6 in Eq. (30) with the lattice wave
vector k (—m < k < m), then Eq. (30) reads as

F(k)y=0 €29}

which remarkably is the dispersion relation of the finite-range
hopping model in Eq. (2) with (k) replaced by .

For example, with nearest-neighbor hopping model, i.e.,
n =1, Eq. (31) reads as

F(k)=2cosk+tﬁ=0, for n=1 (32)
1

which gives

u = =2t cosk, —nm<k<n for n=1, (33)

and therefore matches with the dispersion relation given in
Eq. (2). The detailed discussion on finite-range hopping model
with n = 2 is given in Sec. V.

B. Eigenvectors of the transfer matrix T(p)

In this section, we provide details about the left and
right eigenvectors of non-Hermitian transfer matrix T(u).
Given 2n x 2n transfer matrix T(u) with determinant 1, the
eigenvalues are A, and A;l with k =1,2,...,n. Given an
eigenvalue XAy, the corresponding left and right eigenvectors
of T(w) satisfy the following equations:

(@AIT() = (@)l
T) 1Y) = A [¥(Ai)). (34)

More explicitly, the left and the right eigenvectors of the
transfer matrix corresponding to a given eigenvalue A; can be
written in a vector form as

d1(Mr) Y1(Ak)
A A

60,0 = | P ana oy = | M. 6s)
h2n(Ar) Yon(Ae)

Given the transfer matrix T(u) in Eq. (19), the components of
the left eigenvector can be obtained as

2n—j
¢;i() = Z a(ln—rha, j=1,2,...2n.  (36)

r=0
Interestingly, Eq. (36) with j = 0 is the characteristic polyno-
mial for the T(u) and therefore matches with Eq. (25). The

similarity transformation S which diagonalizes the transfer
matrix T(u) to its diagonal form

D =diag[A1, Aoy oo Ao AT A AT BT
can be written using the left eigenvector as
o1(A1)  d(Xy) @20 (A1)
P1(A2)  h2(X2) @2n(A2)
e 0w $anC)
S=1s0:0 ) Ay ) (38)
p1(A)  da05h $on(A5")
H105) b0 o)

Using the similarity transformation, we can write

ST(u)S™' =D. 39
Here, S™! contains all the components of right eigenvector as
Vi) o g D G
Va(h1)

g1 VY0 % T 2Y0 S NN o ¢ '

wZn()‘-l) ce WZn()\-n) w2n()\'1_1) v 1/f2n()‘-;l)
(40)
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C. Matrix elements of the exponents of transfer matrix T(x)

In this section, we compute the exponents of the transfer
matrix that are required to obtain the conductance. If the
transfer matrix T(u) is diagonalizable, then using Eq. (39) we
can write the mth exponent of T(w) as

T"(u) = S~'D"S. 41)

Thus, the matrix elements of the mth exponent T(w) are given
by

2n
(SIT" (W) = D s (a) §;0u) A7
k=1

=Y [Y(hi) (i) A7

k=1
() i) A @)

In cases when the transfer matrix T () is no longer diagonal-
izable, one can bring it to a Jordan-normal form. One such
situation arises when at least two eigenvalues are the same.
Generally, this does not necessarily imply coalescing of two
eigenvectors. However, in the case of transfer matrix T(u), the
analytical mathematical structure [Eq. (19)] facilitates one to
recast the eigenvectors in the form of Eq. (36). It is interesting
to note coalescing of eigenvalues in Eq. (36) also necessar-
ily implies coalescing of eigenvectors. If R is any similarity
transformation that converts T(u) to a 2n x 2n Jordan-normal
form J then

RT(WR™' =1. (43)

As a result, T(1) = R~! JR. Thus, in this case, we can cal-
culate the exponents as

T"(u) = R'"J"R. (44)

Up to now, all the descriptions are very general for the finite-
range hopping model. In Sec. V, we will describe the specific
examples in detail and look at the connection between non-
Hermitian properties of transfer matrix T(u) and its relation
with open-system conductance.

V. RESULTS

In this section, we present our results for the finite-range
lattice model with a range of hopping n =2 and unravel
the important role played by the eigenspectra of the transfer
matrix in comparison to the nearest-neighbor case, i.e., n = 1.
Before proceeding further, we would like to list certain impor-
tant and pertinent questions:

(1) Do the band edges for the finite-range hopping model
correspond to the exceptional points of the transfer matrix? If
yes, what is the consequence in terms of NESS transport?

(2) As discussed in Sec. II for finite-range hopping model
withn > 1, the upper band edge may or may not correspond to
k = . What is the corresponding signature, if any, in NESS
transport?

(3) With increasing the hopping range, the dimension of
the transfer matrix also increases. Do these transfer matrices
support exceptional hypersurfaces with higher-order excep-

tional points and, if yes, are their consequences in NESS
transport?

To answer these questions, we now discuss a concrete
example of finite-range hopping model with n =2 (next-
nearest-neighbor hopping model), without loss of generality
and comment on the case of general n.

A. An example of finite-range hopping model with n = 2

Dispersion and band edges. The dispersion relation for the
finite-range hopping model is given in Eq. (2). For n = 2,
with nearest-neighbor hopping #; and next-nearest-neighbor
hopping t,, we get

w(k) = —2t; cosk — 21, cos 2k. 45)

Gt v
p= 2ty + 17 /4ty awy
3HV) C
= \ B I11)
[ (II)
()
—0k : : : .
0 0.25 0.5 0.75 1

12

FIG. 1. The figure represents a schematic phase diagram in the
u-t plane. We fix #; = 1 without loss of generality. The phase dia-
gram is constructed using the eigenvalues of transfer matrix T(u) for
n = 2. We identify five different regimes denoted by (I) to (V) (or-
ange, yellow, gray, pink, and cyan) where each regime is associated
by the nature of complex eigenvalues. This is further elaborated in
Table 1. The lines between the regimes denoted by A-E (blue, red,
green, purple, and brown) represent the exceptional lines. In other
words, at any given point on any of these lines at least two of the
four eigenvalues and eigenvectors coalesce. Remarkably, a special
point emerges in the phase plane as a result of intersection between
two exceptional lines and occurs at , = t; /4. This point is denoted
by I', (black filled circle) and all four eigenvalues and eigenvectors
evaluated at this point coalesce indicating a fourth-order exceptional
point. The blue line (A) corresponds to the lower band edge as given
in Eq. (3). Similarly, the red line (B), the fourth-order exceptional
point I',, and the green line (C) form the upper band edge given in
Eq. (47). The other two lines, i.e., purple line (D) and brown line (E)
albeit being exceptional point interestingly do not correspond to the
band edges. The NESS conductance inside the five regimes [(I)-(V)],
on the five lines (A to E) and the higher-order exceptional point (I",)
has been discussed in Tables I and II.
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TABLE I. The table represents details of various properties of
regimes [(I)=(V)] shown in Fig. 1. The second column gives the
allowed values of chemical potential p in these regimes. The third
column gives the eigenvalues of the transfer matrix T(u) evaluated
at the chemical potential . One can notice the change in the na-
ture of the eigenvalues when moving from one regime to another
regime. The last column gives the corresponding system-size scaling
of NESS conductance G(u). It is important to emphasize that no
exceptional lines or points appear inside these regimes and, hence,
the transfer matrix is always diagonalizable. The scenario in which
exceptional lines or points appear is discussed in Table II.

Transfer matrix Conductance
Regimes I eigenvalues G(n)
Below n< =2t — 2t A = —e1, e NE
lower Ay = €2, No transport
band edge A= —e,
o M=
Within =2t =26 < 1 A = —e, NO
band edge <2t — 2t Ay = €2 Ballistic
an A= —em,
)\271 _ e*l'l(z
Within 26 =2t < 11 A = e, NO
2 .
band edges <2t + %2; hy = €2, Ballistic
(110) (valid only At =i
whent, > 1,/4) A =e7™
2 .
Above w> 2t + %2 A = —etik e N/E
upper Ay = —ek17i2, No transport
band edge A= —eaia,
(IV) )"EI — _e—l(|+iﬁ(2
Above 2t = 2t) < 1 A = —€, e N/E
2
upper <2t + %2 Ay = —e2, No transport
band edge (valid only A= —e,
V) whent, <t;/4) A = —e®

Recall that the lower band edge is always at k = 0 and the
corresponding energy is given by

w(k=0) = —2t; —2t,, lower band edge. (46)

In contrast, whether kK = 7 is an upper band edge or not de-
pends on a condition between the two hoppings, as discussed
for the general case in Sec. II. The energy of the upper band
edge for three different scenarios mentioned in Egs. (5), (7),
and (8) is given by

2ty — 26, if b <I]/4 withk =7
wk)= {2t -2, ifn=t/4 withk=mn
2
=420, ifn >0n/4 with k= cos™! [—4].

(47)

Next, we discuss in detail the nature of the eigenvalues of the
transfer matrix T(w).

Detailed description of nature of eigenvalues of transfer
matrix T(u). The transfer matrix T(u) forn =2 isa 4 x 4

TABLE II. This table represents the scenario when transfer ma-
trix is not diagonalizable and this occurs at exceptional lines (EL)
or points (EP). The first column gives the different exceptional lines
(A-E) and a higher-order exceptional point (I',) shown in Fig. 1.
The second column gives the allowed values of chemical potential p
in these lines and point. The third column gives the eigenvalues of
the transfer matrix T(u) evaluated at the chemical potential . The
last column gives the corresponding system-size scaling of NESS
conductance G(u).

Exceptional Transfer matrix ~ Conductance
lines/points m eigenvalues Gg(n)
Lower w= =2t —2t M=1, l/N2
band edge hy = —€1 subdiffusive
A (EL) Al=1,
A;l = —e X

Upper uw=2 —2b A=—1, 1/N?
band edge hy = —e1, subdiffusive
B (EL) (valid only Al=—1,

whent, < t;/4) Az_] = —e
Upper w=2t —2t r=—1, 1/N?
band edge = —1, subdiffusive
I", (fourth (valid only )Ll’l =—1,
order EP) whent, =#,/4) A'=—1
Upper w="2t+ % o= e", 1/N?
band edge Ay = e, subdiffusive
C (EL) (valid only )‘1_1 = ¢~ envelope with

whenty > £,/4)  A' =€ oscillations
Within uw =2 —2t A=—1, N°
band edge Ay = e, Ballistic
D (EL) (valid only Al=—1,

when 1, > t,/4) Az_' = ¢~
Above w="2t+ % A= —€, e N/E
upper Ay = —e 1, No transport
band edge (valid only A= —e,
E (EL) whent, <t/4) A = —e

matrix and is given by [using Eq. (19)]

B . |
P00 o

T(u) = 0 1 0 0 (48)
0o 0 1 0

We now unravel the properties of this transfer matrix. In
Fig. 1, we first construct a phase diagram in the u-t, plane, by
setting #; = 1 without loss of generality. The phase diagram
is constructed by using the different nature of the eigenvalues
of T(w). The eigenvalues of T(u) are obtained analytically
following Eq. (30) (see Appendix B for the details). It turns
out that the lower band edge, as given in Eq. (46), is an
exceptional line in the u-f, plane. This implies that at any
given point on this line at least two of the four eigenvalues
and eigenvectors of T(u) coalesce. This line is denoted by
the symbol A (blue solid line). Similarly, following Eq. (47),
the upper band edge also turns out to yield exceptional lines
denoted by B (purple solid line) and C (green solid line) and
a higher-order exceptional point denoted by I', (black filled
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FIG. 2. Plots for real (solid line) and imaginary parts (dashed line) of the eigenvalues of 4 x 4 transfer matrix T(u) for n = 2 as a function
of u. We set the value #;, = 1. (Left panel) Here we consider the case t, < #,/4, with t, = 0.15. This is an example of making a vertical cut in
Fig. 1 in the zone where 7, < 0.25. Note that such a cut in Fig. 1 passes through four regimes (I), (I), (V), and (IV) which are also marked
here. Additionally, this cut encompasses three exceptional points out of which two correspond to the lower and the upper band edges. Recall
that these lower and upper band edges are denoted by and B, respectively, in Fig. 1. The other exceptional point which does not correspond to
any band edges is denoted by E. In this figure, we represent the exceptional points corresponding to band edges by black dotted vertical lines
and the exceptional points that do not correspond to the band edges by black solid vertical lines. The nature of the eigenvalues is consistent
with that summarized in Table I. In regime (I), the eigenvalues (real part) represented by red and green solid lines are inverse of each other.
Likewise, there is an inverse corresponding to the purple line which, for the sake of clarity, is not represented here as it falls way outside the
presented y-axis range. In the same manner, even in other regimes and cases when data values fall outside the presented y-axis range, we do not
present them here. (Middle panel) Here we consider the case #, = #; /4 = 0.25 which spans three regimes (1), (II), and (IV) and two exceptional
points corresponding to two band edges according to Fig. 1. Note that the exceptional point corresponding to the upper band edge is denoted
by I, which is a fourth-order exceptional point. As can be seen in the figure, at the point I',, all four eigenvalues become real and coalesce at
the value —1. (Right panel) Here we consider the case f, > t;/4 with t, = 0.4. Similar to the top panel, a corresponding appropriate vertical
cut passes through regimes (I), (II), (IIT), and (IV). It is worth noting that regime (III) is characterized by a scenario where all four eigenvalues

are complex with absolute value 1. As a consequence, the eigenvalues when plotted as a function of w in this regime appear dense.

circle). The other two lines in the phase plane, i.e., D (purple
solid line) and E (brown solid line), do not correspond to band
edges although remarkably still remain as exceptional lines.
These exceptional lines A-E yield five different regimes, de-
noted by (I) to (V) (orange, yellow, gray, pink, and cyan).
Figure 1 sets the stage for a more quantitative summary of our
main findings which are gathered in Tables I and II. The dif-
ferent regimes and associated properties of T(u) are described
in Table 1. In Table II we present the findings for different
exceptional lines and the higher-order exceptional point. In
addition to the properties of T(w), we further summarize in
the last columns of Tables I and II the system size scaling of
NESS conductance which we will be discussed in depth later.
The third columns of Tables I and II can be nicely visualized
via appropriate vertical cuts in Fig. 1. This is presented in
detail in Fig. 2.

In what follows, we first present the direct numerical re-
sults for the NESS conductance G(u) following Egs. (12) and
(13) and its system-size scaling at different regimes (I)—(V)
and at the exceptional lines/point. We further provide an in-
depth analysis of these scalings in terms of the transfer matrix
eigenspectra.

NESS conductance and its scaling with system size. In
Fig. 3, we show the results for conductance G(u) as a function
of p for different system sizes N. Different relative values of
t; and t, are chosen. These correspond to appropriate vertical
cuts (f, < t1/4,t, =t,/4,t, > t;/4) in the u-t, phase plane in
Fig. 1. In all three cases, G (i) displays nonanalytic changes at
both upper and lower band edges. It is evident that within the
band edges, i.e., regime (II) in the left and middle panels and
regimes (II) and (III) in the right panel, G(u) is independent

of system size and therefore implies ballistic transport. It is
worth noting that the black solid vertical line that separates
regimes (II) and (III) in the right panel of Fig. 3, represents an
exceptional point on the line (D) of Fig. 1. Despite this point
being exceptional, ballistic transport behavior is observed and
is shown in Fig. 4(d). Outside of both the lower and upper
band edges, i.e., regimes (I), (V), and (IV) in the left panel,
regimes (I) and (IV) in the middle and last panels of Fig. 3,
G () decays exponentially with system size. Once again, the
black solid vertical line that separates regimes (V) and (IV)
in the left panel of Fig. 3, despite being exceptional, displays
exponentially decaying transport and is shown in Fig. 4(e).

In striking contrast, at both the band edges which cor-
respond to exceptional lines A, B, and C or point I, as
elucidated in Fig. 1, G(u) shows interesting anomalous trans-
port with 1/N? scaling. This is clearly demonstrated in
Figs. 4(a), 4(b), 4(c), and 4(f). Moreover, in Fig. 4(c) in
addition to overall, 1/N 2 envelope, there are interesting oscil-
lations whose cause is rooted in the fact that exceptional point
albeit occurring at the band edge does not correspond to k = 7
[see Eq. (47)]. Recall that albeit Fig. 4(f) is associated with a
fourth-order exceptional point I',, nonetheless, the robustness
of 1/N? scaling of NESS conductance is observed, indicating
remarkable universality in anomalous transport. Our findings
provide strong evidence that the cause of anomalous transport
is rooted not only in the existence of exceptional points, but
also in the fact that they have to be associated with the band
edges. In what follows, we bolster our findings by using suit-
able analytical arguments based on transfer matrices.

Analytical approach to NESS conductance scaling in terms
of non-Hermitian transfer matrix. As mentioned earlier, the
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FIG. 3. Plot for conductance G(u) as a function of p for three different and appropriate vertical cuts (t, < t,/4, 1, = t,/4,t, > t,/4) in the
-t phase plane in Fig. 1 for different system sizes N. We set the values ¢, and #, exactly the same as in Fig. 2. In all the figures, we represent
the exceptional points corresponding to band edges by black dotted vertical lines and the exceptional points that do not correspond to the band
edges by black solid vertical lines. In all cases, we see nonanalytic changes in G(u) at the two band edges and this is discussed in more detail
in Fig. 4. (Left panel) Here we consider the case , < t;/4 with#; = 1 and , = 0.15. The behavior of conductance in four different regimes (I),
D), (V), and (IV) is shown. In regimes (I), (V), and (IV) which correspond to outside the band edges, the conductance decays exponentially
with system size N. In regime (II) which corresponds to within the band edges, ballistic behavior (system-size independence) is observed.
(Middle panel) Here we consider the case t, =1, /4 with f; = 1 and 7, = 0.25. Regime (II) shows ballistic transport and regimes (I) and (IV)
show exponentially suppressed transport. (Right panel) Here we consider the case 7, > ,/4 with #; = 1 and #, = 0.4. Regimes (II) and (III)
show ballistic transport and regimes (I) and (IV) show exponentially suppressed transport.
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FIG. 4. Plot for system-size scaling of NESS conductance G(1t) at exceptional lines A-E and point T, as elucidated in Fig. 1. (a) We
choose a point that lies on line A (lower band edge) in Fig. 1 and observe subdiffusive scaling G(i) ~ 1/N?2. (b) We choose a point that lies on
line B (upper band edge with #, < t;/4) and once again observe subdiffusive scaling with the same exponent. (c) We choose a point that lies
on line C (upper band edge with t, > f,/4) which exhibits interesting oscillating behavior with an overall 1/N? envelope. This therefore can
also be regarded as an anomalous behavior that is subdiffusive in nature. (d) We choose a point that lies on line D (within the band edges with
1, > t;/4) and observe system-size-independent scaling (ballistic transport) despite being an exceptional point. (e) We choose a point that lies
on line E (outside the upper band edges with 7, < ¢, /4) and observe exponentially decaying scaling of conductance with system size despite
being an exceptional point. (f) We choose the I', point which occurs at #, = ¢, /4 and corresponds to upper band edge. We observe subdiffusive
transport with the same exponent despite being a higher-order exceptional point. These six plots reveal that the cause of the anomalous transport
is rooted in the existence of exceptional points at the band edges.

075406-9



SAHA, KULKARNI, AND AGARWALLA

PHYSICAL REVIEW B 108, 075406 (2023)

system-size scaling of NESS conductance G(u) is entirely
governed by the bare Green’s function of the system, i.e.,
lg v (1)|* with g(u) being defined in Eq. (14). Using Eq. (24)

J

the g;n () component can be obtained via the transfer matrix.
Recall that g(u) is related to M(u)~! via Eq. (20). According
to Eq. (24), M(u)~! obeys the following relations for n = 2:

GITE) ™3 IMG) ™) + GITG) ™M [4) 2IM) ™)) = BIT(w) ¥+ 11) =0,

. (49)
@IT) ™ 3)AIM) 1)) + EITG) M4 M) ) — @T()" V1) = 0.
Equation (49) can be recast to a matrix form
<<3|T(u)‘N|3> <3|Tw>-N|4>> <<1|M(u)‘1|j>> _ (<3|T<m—<N—{+”|1>> (50)
@IT()™3)  (@T)™N4) )\ M)~ ) (4| T ()~ V=41 )

As for the NESS conductance calculation, we require gy () component which in turn requires us to evaluate (1|M(u)~!|N).

We therefore set j = N and obtain from Eq. (50)

2IM(w) ' IN)

<<1|M(M)1|N)> _ <<3|T(M)N|3)

Using Eq. (51), one can easily evaluate giy(n)=
(1IM(p)~'|N)/t, with T(u) as given in Eq. (48). By
performing the inverse of T(u) in Eq. (48), it is easy to check
that (3|T~'(w)|1) = 0 and (4|T~'(w)|1) = —1. To this end,
we obtain a simplified expression for g;y (@) as
o (3IT|4)
o (HTN4) BIT-N|3) — (3|T-N|4) (4T-N|3)
For the sake of brevity we omit the argument u from both T
and g;y in Eq. (52).

Equation (52) is one of the central equations of this work.
Thus, to calculate |g;y|?, the main task is to calculate T~V

. (52)

giv

J

(4T ()~M3)

D

(3|T(M)N|4)>_l <<3|T(M)l |1>>
(4IT()~"14) T~ )

(

using its eigenspectra. Recall that, in Tables I and II, we
summarize the nature of the eigenvalues of the transfer matrix
according to the different regimes of Fig. 1. From the nature of
these eigenvalues, one can extract the system-size dependence
of NESS conductance G(u) using Eq. (52), as we discuss
below.

Let us now consider a situation when the transfer matrix T
does not have any exceptional points [regimes (I), (II), (III),
(IV), and (V) in Fig. 1] and therefore is a diagonalizable
matrix. This scenario is summarized in Table I. There-
fore, one can use Eq. (42) to explicitly write the elements
of T~V as

BIT™13) = Y3 (Dgs DA + ¥ (A7) ds (AT )AY + ¥ (a)s(A)a™ + ¥ (15 1) s (A1) AT,
T4 = Ya)Pa QDAY + Ya (A7) pa (ATHAY + a(r2)da A5 ™ + v (A51) pa(151)A5 )
GIT™N4) = v3)a DAY 4+ Y3 (A7) a(AT)AY + ¥3(2)paG)As™ + w3 (25 ) pa (A1) 47,
GTN3) = Yaes MDA + Ya (A1) (ATAY + va(a)ds G)As™ + va (35 )b (1147

Now, collecting all terms in Eq. (53) together, the denominator of Eq. (52) takes a form
A+ B + AN 4 DAY + EaagVAY, (54)

where all the prefactors (A, By, Ci, D1, E}) in front of the eigenvalues A;, ){1, i =1, 2, are N independent. The subscript 1 here
represents the coefficients associated with the denominator. Analogously, the numerator can be expressed as

Ak + BoaTN + Gl + Doy, (55)

where once again all the prefactors (A,, B, C», D,) are N independent and the subscript 2 represents the coefficients associated
with the numerator. It is important to note that the expression for the denominator in Eq. (54), terms such as 27" and )»l.’zN
1,2, do not appear and exactly cancel out. In what follows, we now discuss the scaling of gy with N for different cases
corresponding to different values of p with no exceptional points.

Below lower band edge [regime (1), u < —2t; — 2t;]. For n = 2, the regime below the lower band edge corresponds to
< —2t; — 2t,. In Fig. 1 this regime is indicated by the symbol (I). In this regime, transfer matrix eigenvalues are always real
and therefore are of the form A; = —e*! = ¢ ¢*! and A, = €**, where k1, k» > 0, and two other eigenvalues being Xl_l, Ay ! (see
Table I). Thus, from Eq. (52) we get

1 =

’

A2€K1N =+ Bzei'{lN + CzeKZN =+ DzeikzN
A+ Ble(KH-Kz)N + Cle—(KH-Kz)N _|_D]e(K|—K2)N + Ele(_Kl‘H(l)N.

gIN (56)
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Choosing k1, k; such that k; > k, and neglecting the exponentially decaying terms in the large-N limit, we obtain

A2 —koN
~ e
Bje2N

giN "~ (57)

which implies
lgin|® ~ e 2N ~ a2, (58)

As a result, below the lower band edge, the NESS conductance always decays exponentially with the system size N. The
corresponding localization length is set by k, where «; is related to the smallest eigenvalue A, of the transfer matrix T, i.e.,
Ay = €.

Within the band edges [regimes (II) and (11l)]. Let us now discuss the scaling of conductance when the chemical potential p
is within the band edge. Recall that the lower band edge always occurs at energy —2¢; — 2t, (see Fig. 1). However, the energy
corresponding to the upper band edge depends on relative values of 71, #, as given in Eq. (47). Thus, two distinct regimes [regimes

(IT) and (III)] emerge within the band edges which is clearly shown in Fig. 1.

For regime (II) of Fig. 1 with —2¢; — 2t, < u < 2t; — 21,, the transfer matrix T eigenvalues are 1| =

i ~1
—e, hy = €', A

and Ay ! where k1, k2 > 0 (see Table I). We therefore obtain from Eq. (52)

Az@K]N +Bzeﬂ(1N +C2€iK2N +D267iK2N

gIN ™

In the large-N limit, Eq. (59) simplifies to

Aj + Bietaitic)N 4 Cre=latic)N 4 D elci—ik)N 4 | o(=kitic)N *

(59)

Ay

gIN ™

thus implying |g;x|*> ~ N° or ballistic transport. For regime (IIl) in Fig. 1, 2t; — 2t < ju < 2t +

BleikzN + Dle—ikzN ’

(60)

12 .
t with t, > t;/4, the

eigenvalues of T are all complex and given as A; = ¢! and A, = ¢ (see Table I). Thus, all the terms in Eq. (52) will have
oscillatory dependence on N indicating once again ballistic transport.

An interesting situation arises for u = 2¢; — 2#, corresponding to line D in Fig. 1 with #, > #;/4. Any point along this line
corresponds to a second-order exceptional point of T. Nonetheless, despite being an exceptional point, the corresponding NESS

conductance is ballistic and this will be elaborated on later.

Above the upper band edge [regimes (IV) and (V)]. Once again depending on the relative values of hopping #; and f,, two
distinct reglmes [regimes (IV) and (V)] appear above the upper band edge (see Fig. 1). Above the upper band edge when

uw > 2t + ‘ = it corresponds to the regime (IV) of Fig. 1. In this case, the eigenvalues of T are A; =

eK1+lK2 and )\2 ekl —iky

where «, K2 >0 (see Table I). Now following Eq. (52) we can write

Aze(K]Jrle)N + 3287(K1+”{2)N + Cze(Kl —iKky)N + Dzef(KlfiKz)N

gIN ™~

In the large-N limit, Eq. (61) reduces to
N~ (Age™ + ey e, (62)

implying exponentially decaying transport.

With t, < 11/4,2t; — 2t < p < 2t + 17 /42, corresponds
to the above upper band edge, i.e., regime (V) of Fig. 1. Eigen-
values of transfer matrix T are A; = —€*' and A, = —e'2,
where k1, k» > 0 (see Table I). This is exactly like the situ-
ation below the lower band edge, i.e., regime (I) of Fig. 1 and
therefore shows exponentially decaying conductance g(w)

with system size. For r, < t;/4, at u = 2t, + 4, corresponds
to another interesting situation and is an exceptlonal line E in
Fig. 1. Nonetheless, despite being an exceptional point, the
corresponding NESS conductance is exponentially decaying
and this will be elaborated on later.

To summarize, we have provided a detailed analytical un-
derstanding of NESS conductance scaling within and outside
the band edges following the transfer matrix eigenspectra that
perfectly match with direct numerics as shown in Figs. 3 and
4. In other words, we analytically show the ballistic transport
within the band edges and exponentially decaying transport

Al+Bl€2K1N+C1€_K1N+D1€2iK2N+E1€_2iK2N

(61)

(

outside the band edges of the lattice system. Next, we discuss
a situation when the transfer matrix T has exceptional points,
i.e., along the lines A, B, C, D, and E and the point I,
and is therefore nondiagonalizable in nature. Recall that this
scenario is summarized in Table II.

At the lower band edge (exceptional line A of Fig. 1). Let
us now discuss the NESS conductance scaling with system
size at the lower band edge which always occurs at k = 0 with
energy u = —2t; — 2tp, as given in Eq. (46). This corresponds
to the exceptional line A of Fig. 1. Interestingly, for any
point on this line, the eigenvalues of T are given as A; = 1,
da = —e = e, AT!, Ay where k1 > 0 (see Table II).
Note that «; in general is a function of . Therefore, the lower
band edge corresponds to a second-order exceptional line, and
hence the transfer matrix T can be brought to a Jordan-normal
form J [see Eq. (43)]. This is given by

e ekt 0 0 O
0  eime 1 0 0

I=1 9 0 11 (63)
0 0 0 1

075406-11



SAHA, KULKARNI, AND AGARWALLA PHYSICAL REVIEW B 108, 075406 (2023)

and
e—KlNe—inN 0 0 0
_ 0 KN it N 0 0
7= 0 "0 1 (64)
0 0 0 1

In Eq. (64) one of the matrix elements is —N which plays a pivotal role in dictating the scaling of the NESS conductance as we
will see now. Using Eq. (52), we can obtain an expression for gy as

Ar + BzeK'N + CQE_K'N + DN

siv ™ Ay + BiesiV + Cie=¥1N + DiNeiN + E\Ne=*N + FIN~ (65)
Now, taking the large-N limit, we obtain
giN ™~ l (66)
N

As aresult, |g;y|?> oc 1/N?, implying subdiffusive scaling of NESS conductance at the lower band edge. Our analytical findings
are rigorously verified by direct numerics as shown in Fig. 4(a).

At the upper band edge (exceptional lines B and C and exceptional point T, of Fig. 1). We now discuss the conductance
scaling when the chemical potential u is located at the upper band edge. This band edge is comprised of three parts: exceptional
line B, exceptional line C, and exceptional point I',. Let us discuss NESS scaling for each of these cases separately. For the case
ty < t1/4, the upper band edge is located at k = r with corresponding energy p = 2t; — 2t,. This corresponds to line B of the
phase diagram Fig. 1. In this case, the eigenvalues of T are A; = —1, A, = €71, )»1’1, and )»2’1 and hence once again it is a
second-order exceptional point (see Table II). Here x; > 0. Therefore, exactly like the lower band edge case, one can show that
the NESS conductance scales subdiffusively as 1/N?2. This is also clearly shown in Fig. 4(b).

When t, > t;/4, the location of the upper band edge does not occur at k = 7. The corresponding energy is u = 2, + 17 /4t
which is represented by line C in Fig. 1. Interestingly, in this scenario, the eigenvalues of T are A; = ¢! and A, = ™1, kfl, and
Ay ! (see Table II). Here k; > 0. As a result, the four eigenvalues form two complex-conjugate pairs of two each. This implies
that there are two second-order exceptional points that are complex, unlike the case when the upper band edge is located at
k = m, i.e., line B. Thus, once again the transfer matrix T can be brought to a Jordan-normal form given as

100

0 e 0 0
I=10 0 e 67
0 0 0 e~
and
e—iKlN _Ne—iKI(N-H) 0 0
_ 0 e~aN 0 0
V= 0 0 GN N0 |- (68)
0 0 0 eaN
With this result, Eq. (52) can be written as
Bzefiqu + CzeiKIN +D2Nefi/<](N+1) + EzNei/q(NJrl) (69)
BN ™ A ¥ BIN? £ CiNe— + D\New 4 EyemiN+D | Fe-imCN+D)’
In the large-N limit, Eq. (69) simplifies to
DzefiK]N + EzeiKlN
giv ™~ (70)

BN

and, as a result, the NESS conductance shows interesting oscillations set by «; along with overall 1/N? subdiffusive scaling.
This is another central finding of this paper. Our analytical results have been corroborated with the direct numerical simulations
shown in Fig. 4(c).

Let us now discuss the conductance scaling at the exceptional point I', in Fig. 1. This special point occurs for t, = t; /4
and corresponds to the upper band edge energy u = 2t; — 2f,. At this special point, all four eigenvalues and eigenvectors of
T coalesce (see Table II), thereby yielding a fourth-order exceptional point. The corresponding Jordan-normal form at this
fourth-order exceptional point I, is given by

11 0 0
0 -1 1 0

J=1o0 o -1 1 (71)
0o 0 0 -1
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and

e N NeTmN e TmNIN(N +1) e TNINN + 1N +2)
0 e~ iTN Ne—imN e~ iTN %N(N +1)
0 0 e’ Ne=mN
0 0 0 e~ imN

(72)

It is interesting to note that the matrix elements J~ in Eq. (72) contain terms up to O(N?) which is in stark contrast with all
the other cases where exceptional points were of second order. However, the final system-size scaling of NESS conductance still
shows 1/N? subdiffusive scaling and therefore extremely robust against the order of the exceptional points of transfer matrices
indicating a strong presence of universality. Below we provide the details. In this case, to determine the scaling of conductance,
we need to know the explicit form of the transformation matrix R, as defined in Eq. (43). We obtain

0 0 0 1
0 0 1 1
R= 01 2 1 (73)
1 3 3 1
Thus, using this form of R, we obtain the different matrix elements for T as
e—irrN
(31T7M3) = 5 2+ N —2N? —N?),
efinN
BITN4) = =——=NWV + DN +2),
e—inN
(4177N)3) = N(N + 1)(N + 3),
—inN
(4177N4) = c (6 + 11N + 6N? + N*%). (74)
Substituting the expressions obtained in Eq. (74) in Eq. (52), we receive
A\N>+BN*>+CN+D
g IN° 4+ BIN“ + CiN + Dy (75)

" AN* + BoN3 + GN? + DoN + E,

which in the large-N limit gives g;y ~ 1/N. Thus, conductance scales as 1/N? like the other band edges, i.e., exceptional lines
A, B, and C even though the transfer matrix has a higher-order exceptional point. This analysis also matches with our numerical
findings as shown in Fig. 4(f).

Within the band edge (along the exceptional line D of Fig. I1). The exceptional line D emerges for #, > #; /4 which separates
regimes (II) and (II) of Fig. 1. This line always occurs within the two band edges at u = 2t; — 2f,. The transfer matrix
eigenvalues in this case are given as A} = —1, A, = e, )»1’1, and A5 1 (see Table II). Here x; > 0. As a result, once again
the transfer matrix T is not diagonalizable and can be brought to a Jordan-normal form given by

0
=10 o -1 1 (76)
0 0 0 -1
and J7V is given by
e N 0 0 0
. 0 e 0 0
N = . .
J - 0 0 e—mN Ne—‘mN . (77)
0 0 0 e N
As a result, following Eq. (52) we obtain
Ay + BgeiK‘N + Cze_iK'N + DN
giv ™~ _— - — — . (78)
Ay + BN + Cre N 4+ DiNe#*'\V 4+ E\Ne= 1N + F{N
(
In the large-N limit, Eq. (78) simplifies to which produces ballistic transport and is further supported by

direct numerics and shown in Fig. 4(d). It is worth noting that

D, (79) this ballistic behavior occurs even in presence of exceptional

Dlei:qN + Elefi/c]N + Fl

giN
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FIG. 5. Plot for system-size scaling of NESS conductance for n = 3 at various exceptional points of the exceptional hypersurfaces. In all
these figures we sett; = 1, 13 = % and the values of #, are displayed in the corresponding plots. (a) Subdiffusive 1/N? scaling is reported at
the lower band edge that corresponds to k = 0, (b) subdiffusive 1/N? scaling at k = 7 that corresponds to the upper band edge, (c) ballistic
N? scaling with system size at k = 7 which does not correspond to the upper band edge, and (d) oscillatory behavior with an overall envelope

that is subdiffusive in nature with 1/N? scaling. This occurs at the upper band edge with k ~ 1.92 (i.e., k # 7).

points. This further implies that albeit the points are excep-
tional in nature, the fact that they appear within the band edge
causes ballistic transport.

Above the band edge (along the exceptional line E of

and A, = e™e™ where k| > 0 (see Table II). Interestingly,
here the transfer matrix has a pair of second-order exceptional
points. The Jordan-normal form is given by

Fig. 1). The exceptional line E emerges for 1, < t;/4 sepa- el et iﬂl o 0 0
rating regimes (IV) and (V) of Fig. 1. This line always occurs J= 0 ee 0 0 30
0 0 —IT ,—kK| 1 ( )
above the upper band edge and corresponds to energy p = e e ik
2t + 17 /4t,. The transfer matrix eigenvalues are 1; = e e 0 0 0 e e
and
|
e—i:'rNe—/qN _Ne—(izr+K1)(N+l) 0 0
_ 0 e "IN gmIN 0 0
J N = 0 0 TN g IN N plim+i)(N+1) (81)
0 0 0 emN g iN
With that, Eq. (52) can be written as
Bze_K]N + Czé‘K'N +D2N€_K'(N+l) + EzNelq(N—H)
giv (82)

which in the large-N limit gives gy ~ ¢ V. Thus, conduc-

tance shows exponentially decaying scaling with system size
which also matches with the direct numerics as shown in
Fig. 4(e). Note that, albeit the points along line E are excep-
tional in nature, the fact that they appear outside the band edge
causes exponentially suppressed transport.

Next in Sec. VB, we comment on the NESS conductance
scaling for general finite-range hopping systems.

B. Comment on general finite-range hopping system

It is possible to generalize the study performed in
Sec. VA for any finite-range hopping systems, i.e., n =
3,4,5,.... Accordingly, following Eq. (16) the 2n x 2n
transfer matrix T(u) can be constructed and its eigenspectra
can be subsequently analyzed. The NESS conductance and
its system-size scaling behavior can then be addressed using
Egs. (20) and (24). We note that there is a general framework
obeyed by all finite-range models irrespective of the range of

- Ay + BIN?2 4+ C|Ne=*1 + D|Ne¥t + E e<1@N+1) 4 Fe—a@N+1)

(

hopping parameter n which we elaborate on below. Without
loss of generality, we again set#; = 1:

(1) At k =0, the transfer matrix T(u) needs to be eval-
uated at the lower band edge energy = —2) " 1, [see
Eq. (3)]. This naturally defines a (n — 1)-dimensional hy-
persurface and when T(u) is evaluated at any point on this
hypersurface it will have an exceptional point. This can be
understood as follows: at the lower band edge, 8 = 0 where
recall that @ is related to the eigenvalue of T(u) by A = e/
[see Eq. (27)] is always a solution of Eq. (30). Thus, at least
two eigenvalues with value 1 and corresponding eigenvectors
of T(w) coalesce and hence an exceptional point. It then turns
out that the corresponding NESS conductance is subdiffusive
with universal 1/N? scaling, irrespective of the value n. We
illustrate this for the case n = 3 in Fig. 5(a).

(2) Atk =m, T(u) needs to be evaluated at © = w(k =
) following Eq. (6). This once again forms a (n — 1)-
dimensional hypersurface and if T(u) is evaluated at any point
on this hypersurface, it will have an exceptional point. How-
ever, interestingly this point may not always correspond to the
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FIG. 6. Figures supporting the robustness of our finding of anomalous transport to various kinds of disorder. (a) The figure shows the gap
Ay [for a clean system, i.e., ¢, = 0 in Eq. (84)] between the upper or lower (blue or orange, respectively) band energy of a finite-size system
(i.e., finite N) to that of its corresponding thermodynamic limit (i.e., N — o0). The gap Ay for a clean system decreases with system size N
as 1/N2. This figure plays a pivotal role in getting an estimate of allowed disorder that does not destroy anomalous transport. This estimate
is made as follows: The vertical black and brown dotted lines represent four pairs (A}, N*) shown by four black circles. The right element
of each pair (A}, N*) gives an estimate of N* up to which anomalous transport is robust. The left element of each pair (A}, N*) gives the
corresponding estimate for the allowed disorder strength, i.e., § ~ Ays*. (b) The figure shows the robustness of the anomalous transport in
presence of weak disorder § = 10~> both in onsite potential in Eq. (84) and in the chemical potential i = w, + b, where b, is a random
number chosen from a uniform distribution [—§, §]. We have plotted the conductance for 100 different realizations (represented by light color
lines) as well as the mean value (represented by dots). The deviation from anomalous behavior occurs approximately near N* (represented by
dotted vertical lines) that is estimated using the plot in the left panel of the same figure. Likewise, the left panel of the same figure gives an
estimate of § which in this case is § = 107>, (c) Figure similar to the middle panel (b) for the pairs (A%, N*) which yield § = 1073. Note that

a similar analysis will hold even when similar disorder is present in the hopping parameters #; and ;.

upper band edge. This, therefore, yields two different scenar-
ios: When k = 7 corresponds to the usual upper band edge
we obtain subdiffusive scaling 1/N? for NESS conductance
for reasons similar to that for n = 2 case. We illustrate this
for the case n = 3 in Fig. 5(b). In contrast, when k = 7 does
not correspond to the upper band edge, it naturally implies that
k = m point is located inside the band edges. Therefore, albeit
being an exceptional point, the NESS conductance will show
ballistic behavior N° and this is illustrated explicitly for the
n = 3 case in Fig. 5(c). In the scenario when the upper band
edge is located at some other value of k # 7, the eigenvalues
of T(u) come in complex-conjugate pairs and are exceptional
in nature. This gives rise to an oscillatory behavior with an
overall envelope of 1/N? scaling for NESS conductance. This
is illustrated in Fig. 5(d).

(3) Similar to n = 2, exceptional hypersurface may likely
emerge above the upper band edge. However, the transfer
matrix T () evaluated at points on this hypersurface have real
eigenvalues (not equal to 1) and are exceptional in nature. The
resulting conductance will be exponentially suppressed with
system size.

(4) Tt is worth mentioning that fourth-order exceptional
points will always emerge at k =m when the hopping
strengths satisfy the condition in Eq. (8). For n > 2, the
fourth-order exceptional point I', will become a (n — 2) hy-
persurface of fourth-order exceptional points. With odd n,
in presence of such fourth-order exceptional points in the
transfer matrix, NESS conductance will always show ballistic
behavior as k = w does not correspond to the upper band
edge as discussed in Eq. (11). Whereas with evenn, atk = 7
the NESS conductance will show subdiffusive transport with
scaling 1/N? as it corresponds to the upper band edge.

Having established a strong sense of universality in NESS
transport properties with respect to range of the hopping
parameter, an important question is that of robustness to im-

perfections in realistic systems. In Sec. V C we address this
point.

C. Robustness

In this section, we discuss the fate of anomalous transport
that occurs at the band edges of the clean lattice system at
zero temperature with respect to (i) weak disorder within
the system, (ii) chemical potential fixed near the band edge
energies, and (iii) finite but low temperature. Let us first
discuss the situation when the clean lattice Hamiltonian A in
Eq. (1) is subjected to weak onsite disorder of strength §. The
Hamiltonian for such a disordered system takes the form

H=H+H,, (83)

where Hy describes the onsite disorder given as
N
Hd = Z € 6’;6‘[ (84)
i=1

with €; chosen randomly from a uniform distribution [0, 8].
In presence of such onsite disorder system, we investigate
the fate of subdiffusive behavior. Additionally, we also shift
the chemical potential across the band edge by an amount
b, where b, is a random number chosen from a uniform
distribution [—4, §]. In other words, we set

1= wp+ b (85)

Before discussing the fate of anomalous transport when
subject to disorder we will analyze the gap Ay between
the upper or lower band energy of a finite-size system (i.e.,
finite N) to that of its corresponding thermodynamic limit
(i.e., N = o0o) for a clean system, i.e., ¢, = 0 in Eq. (84). In
Fig. 6(a), we plot this gap parameter Ay with system size N.
We see that Ay decays as N —2. For a chosen value of N*,
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there is a Ay~ shown by the black circles in Fig. 6(a). This
Ay provides an estimate for disorder strength § for which
anomalous scaling is observed approximately up to system
size N*. In Figs. 6(b) and 6(c), we display the robustness
of subdiffusive 1/N? scaling with respect to weak disorder
8§ = 107 [Fig. 6(b)] and 6 = 1073 [Fig. 6(c)] by plotting
100 different disorder realizations as well as their disorder-
averaged values. Note that each disorder realization stands for
a particular chemical potential ©« Eq. (85)] and onsite energy
€; [Eq. (84)]. The deviation from the subdiffusive behavior
occurs near a critical finite system size N* which can be
clearly seen from Figs. 6(b) and 6(c).

We end this section by making a comment regarding fi-
nite (but low) temperature. The robustness of the anomalous
transport (up to a critical finite system size) despite having a
window around the band edge as per Eq. (85) also suggests a
possible window of temperature (albeit small) where one does
not destroy the subdiffusive nature of scaling. We expect sub-
diffusive behavior of conductance up to a inverse temperature
Bé>1lorBAy > 1.

From the above detailed analysis, one can conclude that
the NESS scaling of conductance with system size at both
the band edges with or without oscillations remains robust in
presence of (i) weak onsite disorder, (ii) fine-tuned energies
across the band edges, and (iii) low temperatures.

VI. SUMMARY AND OUTLOOK

In summary, we have performed a detailed analysis of
the non-Hermitian properties of transfer matrices and ex-
ceptional hypersurfaces and their impact on the scaling of
NESS conductance for arbitrary finite-range hopping model
(Tables I and IT). We have established the connection between
nonequilibrium steady-state (NESS) conductance and under-
lying non-Hermitian transfer matrix for these lattice models.
We unravel the nontrivial role played by exceptional points
in determining the universal system-size scaling of NESS
conductance at the band edges (Table II, Figs. 4 and 5). We
further provide evidence that the value of the scaling exponent
is remarkably robust to the order of the exceptional point. The
signature of the upper band edge not being located at k =
shows up in the conductance as an interesting oscillation with
overall N~2 envelope. It is interesting to note that though
the exceptional points appear at very specific energies (and
therefore sensitive), nonetheless, the NESS conductance is
robust (Fig. 6) against weak onsite energy and small shift
in chemical potential and temperature. Although, the entire
analysis has been done for the linear response regime look-
ing at the conductance behavior, in the nonlinear response
regime also, NESS current shows similar nonanalytic change
(exponentially decaying with system size to ballistic behavior
via subdiffusive transport at the band edges) at one of the
band edges. Needless to mention, understanding the micro-
scopic origin of anomalous transport is far from being well
understood. The non-Hermitian properties of transfer matrix
provide a transparent approach towards understanding the
emergence of anomalous scaling of conductance at the band
edges and is therefore of extreme relevance to understand the
physics of quantum transport.

Having done a detailed investigation on the consequence
of non-Hermitian transfer matrices and exceptional points
in NESS conductance, a natural interesting question is the
role of external perturbations such as Biittiker voltage probes
[20,31,57-60] which models incoherent processes within the
system without directly taking part in the transport process.
Such studies are especially fascinating because usually ex-
ceptional points are sensitive to external perturbations and
the sensitivity crucially depends on the order of the excep-
tional points. Hence, it is an interesting and challenging task
to see the impact of higher-order exceptional points (that
were reported in this work) on conductance due to incoherent
processes induced by such probes. Another fascinating and
challenging problem is investigating anomalous transport at
such exceptional points starting from a many-body interacting
Hamiltonian with finite-range hopping.
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APPENDIX A: DETAILS ABOUT BARE GREEN’S
FUNCTION FOR THE FINITE-RANGE HOPPING MODEL

In this Appendix, we provide the details about calculating
the bare Green’s function g(u), given in Eq. (20), for a finite-
range lattice model with system size N and range of hopping
n. The details of this calculation can be found in Ref. ([54]).
Here we summarize the main points of the derivation to obtain
g(w). The calculation of g(u) involves calculating the inverse
of M(u), as defined in Eq. (21). To obtain the inverse, we use
the identity M(uw)M(p)~! = I which gives

N
3 MOOL) GIMG) k) = S (A)

Jj=1
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Now using Eq. (22), we can write Eq. (A1) as
(i)
> a(ml)(i+mMQ) ™" k) = 8,

m=a(i)

(A2)

where the sum runs from « (i) = Max{1 — i, —n} and n(i) =

Min{N — i, n}. We now define a vector V;(j) with dimension
2n x 1 given as

(i —n+ M) )

(i —n+2M@w)"))

Vi(j) = | (i —n+3Mu)~"1)) (A3)

(i + M) 1)

Here, 1 < i, j < N, otherwise (i|M(11)~!|j) is zero. Using the
transfer matrix T(u) of dimension 2n x 2nin Eq. (19), we can

J

{AIMQ@) ")) = {

Dot (T~ |1+ m) (mIM()~ 1),
Yot (TGO ™ 1+ m) mIM() ™) — (I ()~ +0|1),

rewrite Eq. (A2) as

T()Vi(j) = Vi1 (j) — 8, ;111), (A4)

where |1) is a column matrix of dimension 2n x 1 with the
first element 1 and all other elements are 0. By iterating
Eq. (A4), we can obtain

T(1)~"'Vo(j),

N if > i
VL(J) = {T(H«)IVO(_}) _ T(M)*(i*jJrl)ll)’

if j <.
(AS)

Note that the vector V() in Eq. (A5) contains zeros in its first
n elements. Therefore, using Eqgs. (A3) and (A5) we finally
obtain

if j>i

if j <i.

(A6)

Equation (A6) shows that any matrix element of M(u)~! involves the information of (m|M(u)~'|j) withm = 1,2..., n. These
matrix elements can be determined by noting that the vector Vy(j) has zeros in its last n elements. Using this fact in Eq. (A6),

D s +nlTG) ™ I+ m) (mIM() 1) = (s + nlT()~ V701 =0,

we obtain
n
m=1
[
where s =1,2,3...,n. Equation (A7) provides n linear
equations for # unknown matrix elements (m|M(u)~'|j) with
m=1,2...,n and therefore can be uniquely determined

which in turn helps to determine the rest of the matrix ele-
ments (i[M(u)~!|j) following Eq. (A6).

APPENDIX B: TRANSFER MATRIX EIGENVALUES IN
DIFFERENT REGIMES, EXCEPTIONAL LINES, AND
POINTSFOR n =2

In this Appendix, we discuss the nature of eigenvalues
of the transfer matrix T(ux) for n = 2, given in Eq. (48), in
different regimes, exceptional lines, and points as marked in
Fig. 1. We find the eigenvalues analytically by solving for
F(0) = 0 with F(0) defined in Eq. (29). The analytical results
obtained in this section are summarized in Tables I and II
(third column).

Regime (1) in Fig. 1. The regime (I) of Fig. 1, i.e., below the
lower band edge corresponds to . < —2¢; — 2t,. To check the
corresponding eigenvalues of the transfer matrix T(u), we set
u = =2t — 2t — ¢ with ¢ > 0. Note that & > 0 is introduced
to indicate that we are accessing regime (I). The condition
F () = 0 then provides

—2t1 — 2t) — e = —2t; cos — 2t, cos 26. B1)

(A7)

The solution of 6 can be written using Eq. (B1) as

9 =cos' | - L4 1+t—‘2+i. (B2)
4t, 4t, 4t,

For the case when we have negative sign in the argument of
Eq. (B2), the argument inside the cos ™! is always less than —1.
For the case when we have positive sign in the argument of

Eq. (B2), as /(1 4 {-)* + w1+ i, thus, the argument

inside cos™! is always greater than 1. As a result, in this
below lower band edge regime, the argument inside cos™! is
either greater than 1 or less than —1. Therefore, the allowed
solutions for 6 is of the form 6 = ¢ + id where ¢ can either
be O(mod 27) or w and d € real. Thus, the solution 6 does
not match with any wave-vector k value for the lattice. As a
consequence, all the transfer matrix eigenvalues, given by e,
are real with an absolute value not equal to 1.

Regime (II) in Fig. 1. In a similar way, let us consider a
small number ¢ > 0 to check the transfer matrix eigenvalues
in regime (II) of Fig. 1 where —2¢ — 2f, < u < 2t; — 26,.
For this case, we set u = —2t; — 2t + & with 0 < ¢ < 41;.
The condition F(0) = 0 provides

—2t1 — 2tp + & = —2t1 cos O — 21, cos 26. (B3)

Using Eq. (B3), we can write the solution of  as

9 =cos™ | - L4 1+t—‘2—i. (B4)
4t 4t 4t
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The second term in the argument of Eq. (B4) is always positive
in the regime 0 < ¢ < 4#; and is bounded as ¢ by

h 151 2 & h
S I+ 1) - — <1+ ifn<n/4
4t = ( + 4l2> 4t <t 4t th= 1/
0 L LIPS 1/4
< — ) —— <2, if =
4t, 4t) 2

2
= o+ ) i iy a4
4t, 4ty 4ty 41‘2’ 2 e

(BS)

With Eq. (BS), for the case when we have positive sign in
the argument of Eq. (B4), then the quantity inside cos™! is
bounded between —1 to 1. This leads to one real solution 6
which matches with wave vector k of the lattice. In a similar
way, for the case when we have negative sign in the argument
of Eq. (B4), then the quantity inside cos™' is always less than
—1. This leads complex solution of # of the form 8 = ¢ + id
where ¢ = 7 and d € real. As a result, transfer matrix will
have two real eigenvalues and two complex-conjugate pairs.
Regime (IIl) in Fig. 1. Now, to explain the nature of the
eigenvalues of transfer matrix T(w) in regime (III) in Fig. 1
which is between 2t; —2t, < u < % + 2t, with #, > t;/4,
we set u = 2t; — 2t, + ¢ with 0 < ¢ < .. At the transition

point given by
2
gc=4n(1— Ll (B6)
c 2 4t2 s

the chemical potential p corresponds to the upper band edge
line D of Fig. 1. With that, F'(6) = 0 provides

2t — 2t + & = =2t cos O — 21, cos 26. (B7)

From Eq. (B7), we can easily write the solution for 6 as

2
t t
f=cos™'| — — &+ 1— = —i. (BY)
4t, 4t 4t,

Thus, the second term in Eq. (B8) is bounded as

2
I & 5]
0< - ——<1-—. (B9)
41, 41, 41,
With Eq. (B9) and since ¢, /41, < 1, following Eq. (BS8) for
both the cases when we have positive and negative signs in the
argument, the entire quantity inside the argument in cos™' is
bounded between —1 to 1. Thus, 6 will have two real solutions
which matches with wave vector k of the lattice. Thus, transfer
matrix eigenvalues will have two complex-conjugate pairs.

Regime (IV)in Fig. 1. Now, to analyze regime (IV) of Fig. 1,
2

ie., > i—; + 21, we set u = 2t; — 2t, + 6.+ & withe > 0
and recall that ¢. is defined in Eq. (B6). The solutions for
F(©) = 0 gives

2t; — 2t, + &, + & = —2t; cos O — 21, cos 20. (B10)

Using Eq. (B10), we can write the solution for 6 as

2
¢ t .
hcos | =g [ ) (A B
4[2 41‘2 4t2

Using the value of ¢, [Eq. (B6)], Eq. (B11) can be simplified

to
—1 1] . &
6 = cos ——xi/—.
4t 4t

Thus, for any ¢ > 0, the solutions of 8 are complex numbers
of the form 6 = ¢ + id with ¢, d € real. This leads to complex
solutions of transfer matrix eigenvalues with absolute value
never equal to 1.

Regime (V) in Fig. 1. To understand the transfer matrix

(B12)

eigenvalues in regime (V), i.e., 2t — 2t < u < 2t + j—i of
Fig. 1 with #, < t; /4. We therefore set u = 2t; — 2t, + ¢ with
0 < & < g.. At the value ¢, [Eq. (B6)] u hits the exceptional
line E of Fig. 1. Then the solution F(6) = 0 gives

2t — 2t) + & = =2t cos O — 2t cos 26. (B13)

Using Eq. (B13), the solution for 6 can be written as

2
1t t
=cos | — L4 (1) 2| B4
4t 4t 4t

Since t, /4t, > 1, the second term of Eq. (B14) is bounded as

2
t I3
0< LN —i<—1—1.
4ty 4t 4t

From Eq. (B15), for both the cases when we have positive
and negative signs in the argument of Eq. (B14), then the
entire argument in cos~! is less than —1. Thus, the solutions
of 6 have the form 6 = ¢ + id with ¢ = 7 and d € real and
therefore these eigenvalues do not match with wave vector k
of the lattice. Thus, all the eigenvalues of transfer matrix T(w)
are real with absolute value not equal to 1.

Exceptional line A in Fig. 1. When chemical potential p is
at the lower band edge u© = —2t; — 2t, along line A of Fig. 1,
F(0) =0 gives

(B15)

—2t; — 2tp = —2t; cos B — 2t, cos 20. (B16)
Equation (B16) can be simplified to
0 0
4 sin’> = (1, + 4 cos> = | = 0. B17)
2 2
Thus, the solutions for 8’s are
-1 n
6 =0, cos [—(1 + —>] (B18)
2t

As transfer matrix eigenvalues are ¢, § = 0 will give two
eigenvalues as 1. Thus, we immediately see that any point
corresponding to the lower band edge (line A of Fig. 1) is
always an exceptional point of underlying transfer matrix.
Now, as the ratio of #; /1, is always positive, the argument in
cos™! is always less than —1. Thus, the other solution for 6
has form 6 = ¢ + id with ¢ = 7 and d € real. Thus, at the

lower band edge, transfer matrix has exceptional point with
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two eigenvalues 1 and two other eigenvalues are real with
absolute value not equal to 1.

Exceptional line B in Fig. 1. When chemical potential u at
the upper band edge, i.e., u = 2t; — 2t, with t, < t; /4 along
line B in Fig. 1, F(0) = 0 gives

2t — 2t = —2t; cos 6 — 2t, cos 26. (B19)
Equation (B19) can be simplified to
0 0
4 cos® = (=1 +4tsin” = | = 0. (B20)
2 2
Thus, the solutions for ’s are
-1 5]
6 =, cos 1——1. (B21)
2ty

As transfer matrix eigenvalues are €, 6 = 7 will give the
two eigenvalues as —1. Thus, once again we immediately
see the upper band edge also corresponds to transfer matrix
exceptional point. Now, since t /f, > 4, the other solution of
0 has the form 6 = ¢ + id with ¢ = &, d € real. Thus, along
line B of Fig. 1, transfer matrix has exceptional point with two
eigenvalues —1 and two other eigenvalues are real numbers
with absolute value not equal to 1.

Exceptional line Cin Fig. 1. When the chemical potential

is along the line C of Fig. 1, i.e., u = - + 2t, withr, > t, /4,
it corresponds to the upper band edge w1th wave vector k # 1.
Along this line, F(8) = 0 gives

2

4— + 2t = —2t; cos O — 21, cos 20. (B22)
I
Using Eq. (B22), the solution of 6°s is
1 151
6 = cos [— —] (B23)
4t,

Since the transfer matrix eigenvalues are e*, using Eq. (B23)
we can write the eigenvalues as

l] 2

——+l

— 1, (B24)
4t 412 4t ) 4t2

Since 11 /4t, < 1, these eigenvalues are complex with absolute
value 1. Thus, the upper band edge along line C of the Fig. 1

has two pairs of complex exceptional points as mentioned in
Eq. (B24).

Exceptional line D in Fig. 1. When the chemical potential
uw =2t — 2ty with #, > t;/4 along line D of Fig. 1, from
Egs. (B19) and (B20), in a similar way, the solution of 6 is

(B25)

Thus, two transfer matrix eigenvalues are —1 (exceptional
points) along this line D. Since 0 < t,/t, < 4, the other so-
lution for € is bounded between —1 to 1. Thus, the other two
eigenvalues of the transfer matrix are complex-conjugate pairs
with an absolute value 1.

Exceptional line E in Fig. 1. To understand the transfer
matrix eigenvalues along line E, i.e., u = j—i + 21, of Fig. 1
with #, > t; /4, we have to follow the same analysis as done
for the case along exceptional line C. Thus, eigenvalues of
transfer matrix are

l1 tl 1.
4t2 41‘2 4f2 4t2

Since t,/4t, > 1, all the eigenvalues are real with absolute
value not equal to 1.

Exceptional point T, in Fig. I. When the chemical potential
W is at the upper band edge, i.e., u = 2t; — 2t, witht, /41, = 1
(at T, point of Fig. 1), F(8) = 0 gives

(B26)

2 20
4 cos” —| —t; +4t,sin" = | =0. (B27)
2 2
This is exactly same as Eq. (B20) with #, = 1, /4. Thus, exactly
like Eq. (B21) the solution for 6’s is

I3
0=m, cos™! |:1 — —1j|
2ty

Since t, = t;/4, all the transfer matrix eigenvalues are —1.
Thus, at this point, transfer matrix has fourth-order excep-
tional point.

We have given the analytical results of transfer matrix
eigenvalues for all the cases in Tables I and II. Also specif-
ically, we have shown the plot for transfer matrix eigenvalues
in Fig. 2.
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