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We adopt the non-Hermitian Hamiltonian formalism to describe Weyl fermions of types III and IV. The
spectrum of Hamiltonian has an unusual type of anisotropy. Namely, the hermiticity of Hamiltonian strongly
depends on the direction in momentum space: for some directions, the spectrum is real, in contrast for other
directions it becomes complex. It is shown that the type III and IV Weyl points are topologically stable and the
Chern number is equal to =1 despite to the fact that the Hamiltonian is not Hermitian. Furthermore, we calculate
the Landau levels and demonstrate that zero Landau level is real, which means that there is a real spectral flow
between electronlike and holelike states. Due to the formal analogy with the index theorem, the presence of such
a flow as well indicates a nonzero Chern number. In addition, we illustrate that the non-Hermitian Hamiltonian
can be regarded as a one-particle problem in the context of topological band theory.
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I. INTRODUCTION

The current theoretical progress in band theory allows
to describe topologically protected quasiparticles in modern
experimentally accessible materials [1]. Due to their unique
properties, for instance, chiral transport, the topological mate-
rials are expected to be promising for future electronics [2].
Among all, the topological materials with Dirac [3-6] and
Weyl [7-11] points, as well as degenerate points [12] and
lines [13—-15] in the Brillouin zone are of particular interest.
The massless fermions in such materials are topologically
protected, which results in quantum-electrodynamics effects
known from high-energy physics [16].

The idea of realization of Weyl points in condensed mat-
ter physics belongs back to C. Herring [17,18]. According
to Herring’s description, the presence of Weyl points can
be understood within a two-band model. The corresponding
Hamiltonian of in momentum representation can be presented
in the Pauli basis

3

H(p) = o0fo(p) + > _ 0ifi(p). (1)

i=1

where oy is 2 X 2 unit matrix, o; are Pauli matrices, and p is
a three-dimensional (3D) momentum vector. The Weyl point
pw arises due to crossing of bands, which satisfies to three al-
gebraic equations f;(pw) = 0. Materials with these conditions
are known as Dirac and Weyl semimetals [19]. Typically such
kind of situation is easily realizable in 3D systems, and equa-
tions f;(pw) = O represent the two-dimensional (2D) surfaces
in momentum space: three closed 2D surfaces can have many
crossing points. In 2D systems, this condition corresponds to
the crossing of three lines. This is not trivial and in order
to have the Weyl point in 2D system, the certain types of
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symmetries (for example, Cg, point symmetry) are required
[19]. In the vicinity of Weyl point py, one can expand the
function f;(p) in the Taylor series, which results in low-energy
linear spectrum, namely, f;(p) o |p|, and corresponding exci-
tations are known as massless (Weyl or Dirac) fermions [19].
Equation (1) describes conventional (nontilted) type I Weyl
fermions for zero and constant values of fi(p).

Apart from Weyl semimetals of type I, it was proposed
Weyl semimetals of type II [20-23]. Nowadays such a kind
of materials are accessible experimentally and WTe, is one of
the candidates for a realization of type II Weyl fermions [24].
In short, the Hamiltonian for such systems can be modeled
at the intersections of Fermi pockets and the spectrum turns
out to be tilted. The minimal Hamiltonian for this case has the
following form:

H(p) =vro-p+oow - p, (2)

where vr is Fermi velocity and w is a tilt vector. For vp > o,
this Hamiltonian describes the Weyl semimetals of type I
with the tilted spectrum, and consequently, for vy < w, the
Hamiltonian corresponds to type II Weyl semimetals, where
w = |w| is a modulus of vector. It is worth mentioning that
Weyl semimetals of type II can be used for “modeling” of
black and white holes, event horizons [25,26]. Indeed, assum-
ing that the parameter of tilting, @(x), is a function of spatial
coordinates, the Weyl fermions of type II can be described by
an action of the massless spinor field [25]

Sit = f A Wry 3, + 70X - Y], ()

where i is a Dirac spinor and y# is the Dirac matrix in the

Weyl representation y* = (5()“ "0“) with o* = (09, ) and

©2023 American Physical Society


https://orcid.org/0000-0003-3279-5488
https://orcid.org/0000-0002-0039-2134
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.085135&domain=pdf&date_stamp=2023-02-21
https://doi.org/10.1103/PhysRevB.107.085135

ZAUR Z. ALISULTANOV AND EDVIN G. IDRISOV

PHYSICAL REVIEW B 107, 085135 (2023)

6" = (09, —0)and 9, = (v;] d;, 9). This is the possible basic
(minimalistic) action for the description of massless spinor
field in curved space with metrics ds*> = (|w|> — 1)dt* — 2w -
dxdt + dx - dx and allows to model phenomena in the vicin-
ity of the event horizon.

In this paper, we make a further step to develop the theory
for Weyl fermions of types III and IV. We show that these
fermions can be described using the Hamiltonian formalism
in the framework of non-Hermitian quantum theory. More-
over, the non-Hermitian Hamiltonian arises as a one-particle
problem in the context of a band theory of Weyl semimetals.
In order to study the properties of this Hamiltonian and asso-
ciated Hilbert space, the acceptable theory of non-Hermitian
systems is presented below. The spectrum of the Weyl Hamil-
tonian under consideration turns out to be anisotropic in
momentum space, namely, for some directions, the spectrum
is real, and for other directions, it is a complex quantity. The
necessary and sufficient conditions for the real spectrum of
the general Hamiltonian under consideration are formulated.
The main feature of the system we are interested in is that the
Chern number is equal to =1 despite to the non-Hermitian
Hamiltonian and the zero Landau level is purely real. The
existence of the real zero Landau level additionally confirms
the nonzero Chern number. This is the direct consequence of
analogy with the index theorem (see Ref. [37]).

The rest of the paper is organized as follows. In Sec. II,
using the ideas of Refs. [27,28] we introduce the theory of
Weyl fermions of types III and IV in Hamiltonian formalism
and calculate the energy spectrum. In Sec. III, we provide the
study the topological protection and associated Chern number.
Section IV is devoted to the investigation of Landau levels
and spectral flow. We present our discussion in Sec. V and
conclusion in Sec. VI. Details of calculations are given in
Appendices.

II. WEYL FERMIONS OF TYPE III AND IV

In recent seminal papers, Refs. [27,28], the authors have
suggested Weyl fermions of types III and IV. Briefly, using
the tetrad formalism, there was provided the general action of
a massless spinor field of the form

5= / dx gl o, 0], 4

where g is the determinant of the metric tensor and e/ is the
tetrad tensor. One can see from Eq. (4), that Weyl fermions of
types I and II are particular cases of the general tetrad action
theory. Indeed, if one keeps only diagonal elements of tetrad
tensor e/} = vpSk, then we get the action for Weyl femions of
type I. If one set e/} = vl + 88wi5f‘, then we get the action
for type II Weyl fermions presented in Eq. (3). However, in
more general case, Eq. (4) can contain other nonzero com-
ponents of the tetrad tensor, namely, e/* = vps! + 80w's!" +
z9,~8386‘ , where ¢J; are the components of additional tilt param-
eter vector ¥. The presence of last term restores the symmetry
with respect to rearrangement of indices w and v. Note that
this form corresponds to a spatially isotropic tetrad when there
is no (Sié}‘ term. According to Ref. [27], the case v > w and
vp < ¥ corresponds to Weyl fermions of type 111, and vy < w
and vp < ¥ is associated with type IV, where ¢ = |#|. Due

to the last term, 1956f)86‘ , the Lagrangian contains a new term
with zero component of momentum o'%;pg and p,, = (po, p;)
with pg = ¢/vp. Particularly, the possible origin of this term
and consequently Weyl points of types III and IV were as-
sociated with many-particle effects and thus can be worked
out from the self-energy [27]. It is worth mentioning that in
the framework of Hermitian quantum mechanics, the Hamil-
ton formalism does not allow to take into account this term.
Throughout the paper, parameters @ and # do not depend
on the spatial coordinate thus the theory does not contain
any additional terms related to the noncommutativity of a
momentum and a coordinate.

Nevertheless, we insist that the Hamiltonian formalism
can be constructed but in the framework of non-Hermitian
quantum mechanics. Moreover, the non-Hermitian Hamilto-
nian formalism allows the alternative explanation, which does
not necessarily include many-particle effects as the possible
mechanism of explanation. In order to introduce the Hamilto-
nian, we first construct the wave equation

G (po, pi)I¥) =0, ®

where for the spatially isotropic case, which contains all
important physics, Green’s function associated with action,
Eq. (4) is given by

G~ (po, pi) = vro’po — vro'p; — @' pi — 0" Vipo.  (6)

Using the above expression, Eq. (5) can be easily rewritten in
a conventional form, where the Hamiltonian in the left-hand
side is the function of only three-dimensional momentum.
After simple algebra, one arrives to the following two wave
equations:

HIWR) = ex|WF),  HT|WE) = g |WH), 7

where the non-Hermitian Hamiltonian takes form
H=(@GC+K)/(1—-pB>, T=a-[pxd,
K =[vro +op(@+ )] -p+ (oD@ -p)/vr, (3)

and B = ¥ /vp. This is the Hamiltonian of types III and IV
non-Hermitian Weyl fermions and is our main result. This
Hamiltonian can be also obtained directly from the action,
Eq. (4), if one writes the wave equation as the Euler-Lagrange
equation for the Dirac field. In Eq. (7), we have defined the
R (right) and L (left) wave functions. It is worth mentioning
that use of so called dual basis (R, L) is a convenient step for
non-Hermitian systems, which allows to restore the common
structure of Hilbert space [29-31].

Now one can easily obtain the spectrum of non-Hermitian
and conjugated Hamiltonians from Eq. (7). The spectra are
coincides with each other, namely,

A(p) £ VB(p)
1-p2 ’
Bp) =@+ ) - p + (1 - )[vip’ — (@-p°]. 9
where p = |p|. Note that the Hamiltonian of form H = aoy +
(b +ic)o has the spectrum & =a=++/b?—c?+2ib-c,
which contains exceptional point due to term b - c¢. In our

case, b is proportional (collinear) to p and ¢ is proportional
to vector product [p x #], thus b - ¢ = 0 and the expression

e=ep=¢ = Ap)= @ +w)-p,
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FIG. 1. (Top) It is shown the segments of angles between vectors
¥ (red arrow) and p (blue arrow), where the imaginary part of spec-
trum, Im(e) is zero (green) and nonzero (yellow). The angle xo =
arcsin(1/B) corresponds to the direction of the momentum vector
relative to vector ¥, at which the transition from the real to complex
spectrum occurs. The black dots represent different directions of the
momentum relative to vector #. (Bottom) It is shown the evolution
(black arrows) of the real and imaginary parts of the spectrum Eq. (9)
when the momentum direction changes from position 1 to position 9
(see the upper part of the figure). The brown and blue dots correspond
to the hole and electronic states, respectively, while the red and
green dots correspond to the complex spectrum with positive and
negative imaginary parts, respectively. Dots 3 and 7 correspond to
the transition points from the real to complex spectrum in Eq. (9) at
vanishing B(p).

under the root always is real. For simplicity, we set @ = 0 for a
further discussion. This does not affect the outcome, since the
nonhermiticity is described by term iI". Then the Hamiltonian
from Eq. (8) can be rewritten in the form

H = [0 - (vre, + i sin xe,)p+ 9 -pl/(1 — B%), (10)

where the unit vector e, is directed along the momentum p
and the unit vector e, is directed along the direction of the
cross product [p x #]. For values ¥ < vg (8 < 1), the pa-
rameter ¥ renormalizes the velocity de/dp due to coefficient
/(1 — B?) and results in slope (tilt). For ¢ > vp (B > 1), the
spectrum in Eq. (9) is real in the segment |sin x| < B~ !. In
contrast, for | sin x| > ﬂ_l, the spectrum consists of complex-
conjugated branches. Therefore we get the anisotropy with
respect to spectrum’s (Hamiltonian’s) hermiticity (see Fig. 1).
The eigenstates |W*) and |W*) are orthogonal: (W{|WX) =0
and (WL|wR) =£ 0, where “+” corresponds to electron hole

states in Eq. (9) (see Secs. A and B in Appendix for details).
The existence of a segment with the real spectrum, despite
the non-Hermitian nature of the Hamiltonian, is surprising.
Nevertheless, we can prove the following statement. If the
non-Hermitian Hamiltonian H can be transform to Hermitian
H), one, using the similarity transformations with a nondegen-
erate matrix, then the eigenvalues of H are real. Indeed, let
us apply the similarity transformation, SHS~! with the linear
operator S in the from of nondegenerate matrix, (S~')" =
(SH~!, to Hamiltonian #. Next, we assume that the following
equality holds:

SHS™ = H,. (11)

Then SHS™'|W) = H,|W¥) = E|¥), where £ is real since
Hamiltonian #Hj, is Hermitian. On the other hand due to lin-
earity of operator S, this equation can be written as H|W) =
E|W), where |W) = S~!|W). Thus the eigenvalues of the non-
Hermitian Hamiltonian, which satisfies the condition (11), are
real. Equation (11) can be rewritten in a new form

HT = STHHESTS) ™ = nHy ™",

where we have introduced the Hermitian operator n = S'S.
Equation (12) is the necessary and sufficient condition for
the spectrum of Hamiltonain H to be real. If S is unitary
matrix, then STS = 1 and Eq. (12) recovers the hermicity of
the Hamiltonian from Hermitian quantum mechanics. One can
show that Hamiltonian (10) satisfies the condition (12) for
|sin x| < B! segment (see Appendix C for details). For non-
degenerate matrix (S~!)" = (§7)7!, the condition in Eq. (12)
coincides with the condition of pseudohermiticity [32-34].
This is the necessary condition for a spectrum to be real. The
sufficient condition for the spectrum to be real is the existence
of operator 7 in the form of STS. The condition in Eq. (12) at
STS = n is known as n— hermiticity. We call Hamiltonains #
and H; from Eq. (11) equivalent, since they have the same
real spectrum even if one of them is non-Hermitian. The
equivalence of two Hamiltonians in that sense is the necessary
and sufficient condition to have a real valued spectrum.

12)

III. TOPOLOGICAL PROTECTION AND CHERN NUMBER

We continue to investigate the spectrum of Weyl fermions
of types III and IV. It is worth mentioning, that Weyl points
are topologically protected with respect to external pertur-
bations. The spectrum remains gapless, for the case of unit
matrix perturbation, H — H + IUjy, which causes the shift
of Weyl points with respect to energy and momentum, & —
e(p — po) + €(po), where pg satisfies to the condition [(¢ +
®) - po + Upl* + [1 — B21[vEpg — (@ - po + Up)*] = 0. Next,
the perturbation in the form of a Pauli matrix, H — H + oU
results in the following spectrum:

e =[&(p) £ &P/ - B, (13)
where Eip)=A)+ ¢ -U/vp and E(p) =
VEH(p) + (1 — BHE(p), with &(p) = (vrp + U)* — (@ p)?
and A(p) is given in Eq. (9). This spectrum has a shift with
respect to the initial one, Eq. (9), but does not contain a gap.

It is as well useful to investigate the stability of spectrum
with the help of topological invariant-Chern number. For a
non-Hermitian Hamiltonian, the Chern number can be written
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as [31,36]

N = %fiap x (wh)9,|wk) - dSs, (14)
where the integration is carried out over a closed surface
enclosing the Weyl point (see Fig. 2). The Chern number
defined in Eq. (14) must vanish, if the Hamiltonian has certain
symmetries, namely, H(p) = H’(p) (complex symmetric
Hamiltonian which corresponds to C symmetry with ¢ = oy
[35], where oy is unit matrix), o, H(p)o, = HT (p) (pseudo-
Hermitian and real Hamiltonian which corresponds to C
symmetry with ¢ = o, [35]) or H(p) = H! (—p) (Hermitian-
conjugate time reversal symmetry TRS). The Hamiltonian
does not satisfies any of these conditions, which indicates
of topological protection of Chern invariant for the Hamilto-
nian under consideration. Next, the integration in Eq. (14) is
performed with the help of Stoke’s theorem in Appendix D.
The result is an integer number, namely, Ny = #1. Thus one
can see that the Chern number remains nonzero and integer
despite the fact that the Hamiltonian is non-Hermitian. Ap-
parently, this is a guarantee of the topological stability of the
Weyl points of new types. Below we study the Landau levels
and show that the zero Landau level, which is interpreted as
a spectral flow, is purely real. This is another proof that the
Chern number of Weyl points of types III and IV does not
vanish despite presence of non-Hermiticity.

IV. LANDAU LEVELS AND SPECTRAL FLOW

Here we study the Landau levels for Weyl spectra of new
types in presence of perpendicular magnetic field. The mag-
netic field breaks the T symmetry, which should lead to the
opening of the band gap. However, in topologically nontrivial
systems, so-called spectral fluxes arise in form of unidirec-
tional chiral modes (see, for a review, Ref. [37]). We will
verify that, despite the fact that our system is non-Hermitian,
there are such spectral fluxes and they are purely real, which
is an additional proof of the nontriviality of the nonzero Chern
number. We consider the general case of nonzero @ # 0.
In presence of a magnetic field B = (0, 0, B > 0), one has
to shift the momentum p — p + ¢/cA in Hamiltonian and
V x A = B. Then, using the Landau gauge, we obtain the
following equation for eigenvalues &,:

[M — & + w.p + 0,p.]|¥) = 0, (15)

where the first term on the left-hand side consists of magnetic
field

~ & e &
M= UFOyx <px + _zﬁx - —B)’> + UF Oy (py + _zﬁy)
Up Cc Up

€ e
+ vro; (pz + _zﬁz) — wy—By. (16)
vz c
For simplicity, further we set w, = 0, and to solve the eigen-
values problem, we switch to a moving frame of reference

using the Lorentz boost, p, = g,, p,,, wWith metric tensor

coshd sinhd 0 O
sinhd coshd O O

8vu = 0 0 1 ol’ (17)
0 0 0 1

where v = ¢, x, y, z is a four-dimensional coordinate subscript
and tanh 0 = w,/vr = B. Thus we have

—0.0[ 2 — 0)5 .
—e ™|\ p, — p,— sinh 0
UF

—o,0[ 2 — 19)( _ f 2 = ﬁy
+ o€ Px+ pr— cosh 6 By | +oy\ by — Pi—
UF C UFr

. 9,
+Gz<ﬁz _ﬁt;)}|w> =0. (13)

For a stationary problem (|W) ~ expiet), after some algebra,
we obtain Landau levels (further calculations are valid in the
so-called magnetic regime, when 8 < 1. At § > 1 (electric
regime), the electron energy is not quantized:

&n = sgn(n) 2vih21§n + Uﬁpg + @.p;,
&y = (Zl:U” + o)p., (19)

where Ig = /lic/|e|B is a magnetic length and the remaining
parameters have the form

— .V,
o i S
v = - 702 ) UH = UfrY —n NERTI ( O)
\/Zw B v%w wm = UR
- ow, +y°9, _ ¥
b= — s, @=l+—5 y=VI-. QD
" — = F

Vr

As can be easily seen, the Landau levels are generally com-
plex. However, the zero Landau level is purely real. This
means that there is a real spectral flux between electronlike
and holelike states. The presence of such a flow implicitly
indicates a nonzero Chern number, which is the consequence
of the index theorem (see Ref. [38]).

V. DISCUSSION

Let investigate the spectrum in phase transition point vy =
¥. For simplicity, we assume that vectors #, @ are parallel to
p- Then one has (# + @) - p = £(¥ + w)p, where “L” cor-
respond to positive and negative directions of momentum p.
Let be vg > w. This corresponds to phase transition between
types I and III. The electron states with positive momentum
and hole states with negative momentum in phase transition
point can be associated with infinite group velocity de/dp.
Indeed, in this case, from Eq. (9), one has

lim & — oo. (22)
Y—vp
Such situation is described by vertical line. The second branch
of spectrum originates from electron states with negative mo-
mentum and hole states with positive momentum. For these
states, from Eq. (9), we have

_vp’ —(@-p)
2 +w)-p

These two branches for the cases v > &, vp = ¥ and vp < ¥
are provided at Fig. 3 in case of type III (the qualitative
picture for the case of type IV is similar). Let discuss these
transitions in details. To do this, let consider the linear func-
tion y = (a — b)x. For a > b, this function describes the line

lim ¢ =
Y=g

(23)
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FIG. 2. It is shown a closed surface in momentum space en-
closing the Weyl point. The surface is divided into two regions:
the spectrum of Hamiltonian, Eq. (10), is real in the region Sg and
complex in the region Sc. The lines I, and [, represent the boundaries
between Sg and Sc. The vector ¥ is directed along Z axis.

with positive slope. At point a = b, the continuous transition
from positive to negative slope occurs. At the same time,
point a = b corresponds to horizontal line, i.e., the transition
occurs through X axis. Is it possible to make a phase transition
from positive slope to negative through Y axis? This transition
correspond to type I-III (II-IV) and it is completely different
compared to previous one. The main difference is that during
the phase transition there is the swapping of the electron
and hole states. Such a kind of transition can be described
with the function of the form y = x/(a — b). For a > b, this
function describes the straight line with positive slope. For
a < b, the slope is negative. Point a = b corresponds to the
transition from the positive to negative slope. However, com-
pared to the previous example, (a — b)x, this is a singularity
point. Thus the transition from the positive to negative slope
is not continuous. In other words, in the second example,
conditions a > b and a < b correspond to the fundamentally
different phases, and the continuous transition between them
is forbidden. Now, it becomes clear that types I and II are
not topologically different since the continuous transition is
allowed. Consequently, in this context, types I and III, I and
IV are topologically different phases. Note that the discussion
above is true only for one branch (in our case, it is the red
line). For the blue branch, there is no inversion of the electron
and hole parts of the spectrum. Indeed, the slope of the blue

9 < vp Y =wvp ¥ > vp

~[_
—~

FIG. 3. The electron spectrums of types I (left) and III (right).
The vertical axis is energy and the horizontal axis is momentum. The
spectrum during the phase transition I-III (middle).

branch of the spectrum does not depend on the ratio between
vr and ¢

Finally, let us discuss the possible origin of the non-
Hermitian Weyl Hamiltonian of types III and I'V. The authors
of Ref. [27] suggest to associate the Weyl fermions of types
IIT and IV with many-particle effects. However, it can be
provided the alternative interpretation as well. The alternative
interpretation does not depend directly on the many-particle
effects. We present the explanation in a general form, keep-
ing in mind the two-band model of the band structure.
The wave function in the two-band model has the form
[Wp) = Cylup) + Cylvp), where amplitude C,;, corresponds
to |up)/|up) Bloch’s function. Multiplying the wave equation
H|Wp) = Ep|Wp) by (up| and (up|, we obtain the system of
equations for the amplitudes

Hl})u Hl?U CM SEM SEU Cu
m, mh)\c, ) = Blse, s )\c,

= [fo(p) + o: fi(MIC, C), (24

where Hfb = (ap|H |by) is the matrix element of the Hamilto-
nian, with a, b = u, v, and Ssb = (aplbp) = fal’;(r)bp(r)d3r
is the overlap integral. Typically, the Bloch functions are
taken to be orthogonal, thus in Eq. (24), the overlap matrix
becomes a unit matrix, Sgb = é,. However, in real mate-
rials, this is not always true and the off-diagonal elements
of the overlap matrix do not vanish (for instance, one of
the reason is indeed many-particle effects) [39-44]. Let
introduce the Bloch functions up(r) = > g e PFR)g, (r —
R) and vy(r) = Y p e P R)gp (r — R), where ¢, and ¢,
are the atomic orbitals, corresponding to bands u and v,
respectively, and R is a radius vector of a given atom
at the lattice site. Then the off-diagonal overlap integral
can be written as | u;(r)vp(r)d3r = rr PR [pr(r —
R')¢,(r — R)d’r. Atomic orbitals corresponding to the same
atom (R = R’) are orthogonal, [ ¢*(r — R)¢,(r — R)d’r =
8.p. However, at different R # R’, generally speaking these
orbitals are not orthogonal, which results in the nonzero
off-diagonal elements of overlap matrix SP. At the same
time, we note that the Bloch functions at the Weyl point
will be orthogonal, since at this point, the time reversal
symmetry is not broken. This means that (up, |7 up,) =
0, where 7T is the time reversal operator [17,18]. Since
Tlup, ) = |vp,) then (up, |vp, ) = 0. Further, the Eq. (24)
can be rewritten as (SP)~'[fo(p) + oifi(PIC, C)T =
H(C, C)T =&C, C))T, where S? is a matrix on the
right-hand side of Eq. (24). In the vicinity of Weyl point,
one has f;(p) & vpp; and fo(p) ® w - p. If one requires that
the overlap matrix in Pauli basis has components S}:u(w) =
1 F 9, /vp, Shy = (i0y — Oy)/vr = (Sh,)*, then the effective
Hamiltonian, 7 = (S%,)~![fo(p) + 0:f;(p)] completely coin-
cides with the Hamiltonian from Eq. (8) with the same
prefactor 1/(1 — B2). Thus the origin of this Hamiltonian
can be related with the overlap between Bloch functions. For
1D chain, such a Hamiltonian has been recently introduced
by generalizing the Su-Schrieffer-Heeger model in the non-
Hermitian case [45].
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VI. CONCLUSION

To conclude, we have provided the theory of type III and
IV Weyl semimetals within the non-Hermitian Hamiltonian
formalism. The spectrum of this Weyl Hamiltonian exhibits an
unusual type of anisotropy in momentum space, namely, for
some directions, the spectrum is real, in contrast for other di-
rections it is complex. The necessary and sufficient conditions
for the spectrum to be real is provided. It is shown that the type
IIT and IV Weyl points are topologically stable and the Chern
number is equal to =1 despite to the fact that the Hamiltonian
is not Hermitian. Apart from that, we have demonstrated that
the zero Landau level is real, which means that there is a real
spectral flow between electronlike and holelike states. The for-
mal analogy with the index theorem indicates the presence of
a nonzero Chern number as well. Additionally, we speculated
on the possible origin of the non-Hermitian Hamiltonian.
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APPENDIX A: THE ORTHOGONALITY CONDITIONS

We write the spectrum from Eq. (9) in the main text with
additional subscripts as

. AP xVB(p)

€R+ = € 4 = 11— p2

where “+” are associated with electron and hole states. The
corresponding eigenvectors are denoted by |Wf’L), which
satisfy wave equations H|WR) = ep L|¥R), and HT|¥L) =
€. L|¥E). In phases III and 1V, the spectrum is anysotropic
[see Eq. (9) from main text] with respect to space orienta-
tion of momentum vector: for some directions, the spectrum
is real, in contrast, for other directions, it is complex. It
is worth mentioning that for the real spectrum sector eg =
g, = &, where “+£” is omitted. The existence of domain,
where Im(¢) # 0 is the main distinguishing feature of the new
phases, III and IV. Apart from this, in domain of complex
spectrum &} = &4, which leads to important consequences.
The main one is related with scalar product (¥} |¥f). Let
consider the following 2 x 2 matrix:

<<W£|H|Wf> <W£|H|WE>>
(WEH|ERY  (whiH|wR))

Applying the Hamiltonian inside matrix elements on the right-
and left-hand sides, one obtains

e (WEWE) e (WL WR)Y (e (Wl|wk)
e (WEWE) e (WLWR) )T \e_(WE|WF)

; (AD)

(A2)

e (WhwE)
s_<WE|WE>)’

(A3)
From the above equation, it is obvious that (W£|¥X) = 0 and
(WLIWE) #0.

APPENDIX B: THE FORM OF EIGENSTATES
The Hamiltonian under consideration has the form

H = A(p)oy + [D(p) +iC(p)] - 0, (BD)

where D - C = 0. The spectrum of this Hamiltonian is given
by

SR,:bzgzi=8:t =A:E\/D2—C2,

where C = |C| and D = |D|. Particularly, for the case un-
der consideration in main text, the parameters are A = (@ -
p+9-p)/(1—p), D= (vpp+ ;- Hw-p)/(1 — ) and
C=[px#]/( - B?). The eigenstates of the Hamiltonian
are given by

&+ (C.—iD, FivDI—C?

) _Ni(cxw(cy b))

why =, (G T iD: £ i(/D = O E3)
* *\ ¢ +iC,+D)-D, )

(B2)

where “+”” means the complex conjugation. Using the form of
eigenstates in Eq. (B3), one can show that (¥£[¥F) = 0. Fur-
ther, the direct calculations give (WE|WR) = —2(D> — C?) ¥
2i(C, — iD,)v/D?* — C?. Therefore the normalizing factor Ny
of the eigenfunctions is equal to

1
i\/2(D2 — C2) £ 2i(C, — iD,)v/D* — C2

Let us explore the topology of the eigenstates obtained
above. Without loss of generality, we consider the simplest
case when @ = 0 and # = (0, 0, ¥). We write the eigenfunc-
tions in spherical coordinates

Ny (B4)

|lI/R) _ exp (—ix)
Ry =
\/2\/1 — B2sin®6(y/1 — B2sin® 6 + cosh)
(cos® £ +/1 — B2sin>0)
x ( (1+ B)sinfe™ )’ ®3)
Wy — exp (—ix)
+

\/2\/1 — B2sin20(y/1 — B2sin? 0 £ cos )

" ((0039 +/1-p2 $1n29)>’ (B6)
(1 — B)sinBe?

where y is some arbitrary phase. However, these eigen-
functions contain points where the uniqueness is lost. The
existence of such points is the source of nontrivial topology. In
our case, these points correspond to angles 6 = 0 and 6 = 7,
which exactly coincides with the Hermitian Hamiltonian in
the form of a monopole. At point § = 0, the eigenfunction
has the form (for concreteness, we consider only lI/f'L )

. 1
(0 = 0)) = eXp(—lx)<O)- (B7)
Therefore, for uniqueness of the above function, it is neces-
sary to set x = O (northern gauge). However, this gauge is not
suitable for point # = . Indeed, at this point, the eigenfunc-
tions have the form

0
RLipy _ _ .
W0 = 7)) = exp( lx)( /%enp)- (B8)

We see that for the uniqueness of this function, it is necessary
to set x = ¢ (southern gauge). Thus the multivaluedness of
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the eigenstates cannot be eliminated by a global gauge choice
in form of smooth function. Different gauge phases must be
used in the northern and southern hemispheres. Thus, conse-
quently for the eigenfunctions of the southern hemisphere, we
have

o) = !
J2/T— Brsin? 6(/1— f2sin® 6  cos )
(cos® £ /1 — B2sin®H)e ¢
* ( (14 B)sin6 ) (BY)
S
(wﬁ) - !

\/2\/1 — B2sin®0(y/1 — B%sin® 6 + cos 6)
(cos@ £ /1 — B2sin?0)e ™
(1 —pB)sind '

And for the eigenfunctions of the northern hemisphere, we
have

(B10)

‘gRi> _ 1
\/2\/1 — B*sin>6(y/1 — B2 sin’ 6 + cos 0)
(cos® £ +/1 — B2sin?0)
* ( (14 B)sinfe’ ) (B11)
) 1
(wLi) _

\/2\/1 — B2sin? (/1 — B2sin® 6 + cos )

8 ((cose +./1-p2 sin29)>'

(1 — B)sinfe* (B12)

We use these eigenstates in Appendix D for calculating of the
Chern number.

APPENDIX C: REAL SPECTRUM OF
PSEUDO-HERMITIAN HAMILTONIAN

From the main text, Eq. (12), it is clear, that [n, H] =
nH — Hn # 0, for non-Hermitian H. Indeed, otherwise
[7,H] =0 and one arrives to contradiction, namely, the
conjugated Hamiltonian H' = nHn~! = Hnn~! = H is Her-
mitian. As an example, let consider the simple non-Hermitian
matrix M = (li H')\) where A is the arbitrary number.

Next, let find the matrix n, which satisfies the condition

M = nMn~"'. One can show that the n has the following
+q
form n = (!*+* rqq) where p, g are arbitrary numbers as
—x
well. Further, in order to have the real eigenvalues for matrix

M, there must be possibility to present 7 = S'S. From these
condition, one consequently obtains that g, r € R and n* = 7.
Further, it is obvious, that the condition det(SST) > 0 must be
satisfied. This condition set limits on the choice of elements
of matrix n. In our case, this condition brings us to inequality

for p, g and A, namely, 4 AZ 1 — ¢* > 0. This inequality does
not work for A2 > 2. Thus the eigenvalues of matrix M are
real for A% < 2.

Let now investigate our Hamiltonian in the same manner
as the example above. For simplicity, we consider the case of

? = (0,0, ¥). In this case, the Hamiltonian in Eq. (10) from
main text is written as
- ipy))

(ChH

H = _UF Pz (1 = B)(px
o 1-— ﬂz (1 + ﬂ)(px + ipy) —Pz

+ IBPZ.UO:| b

where B = ¥ /vr and oy is the identity matrix. The matrix

— r+bp: —
1 has the form n = (,. TP oirD) and d =
r—bp,

T iy b € C. From condition n = STS, one gets that
q,r > 0 € R and the condition det(S'S) > 0 results in in-
equality for other parameters, ad — |b|*> > 0 € R. Using these
conditions at 8 < 1, one can show that matrix n = S'S exists

5), where a =

always. For example, n = (% i), where ¢ > 0 € R. For
1+8

p,%ﬁip% <p -1
which turns out to be | sin x| < 87! in spherical coordinates,
and this condition coincides with the one we have provided in
Eq. (9) f[rom main text. In this case the matrix has the form

—px +1p,

B > 1, the matrix n = S'S exists only for

n=,"", ). In other words, for |sin x| < 87!

the Hamiltonian above Eq. (C1) can be brought to Hermi-
tian Hamiltonian using similarity transformations. namely,
SIS is the Hermitian operator, despite the fact that # is
non-Hermitian. Additionally, it is worth pointing out, that re-
definition of scalar product in Hilbert space (unitary theorem)
in the following form ((W|W¥))s = (¥|S7S|¥) does depend on
time, if Hamiltonian satisfies the condition (12) from main
text. Thus this means that the probability density does not
depend on time, and the unitary condition is suited.

As one can observe from Eq. (12) from main text, in
general the realness of spectrum is defined not only by the
properties of operator by itself, but as well it influences on
Hilbert space. It worth mentioning, that the P77 symmetry
for non-Hermitian quantum systems introduced by Bender
[46], says that PT operator and Hamiltonian have the same
eigenvectors. In this case Hamiltonian has the real spectrum,
despite the fact that it is non-Hermitian. This requirements
is the particular case of Eq. (12) from main text. Namely,
to show this, let change a bit the matrix we have considered

above, M = (, i | * 711). This matrix is not Hermitian and it

does not have PT symmetry. However, the eigenvalues of this
matrix are real for any real A. This is related with the fact that

matrix (, i , k:ll) is equivalent to Hermitian matrix (g 3).

Namely, there always exists the similarity transformation R,
0 dp—1_ , 1 r—1

therefore, R(; R =( ., "))

APPENDIX D: CALCULATION OF CHERN NUMBER

The Chern number is given by the surface integral

1
Nz—/]-"“,
“ 27'[5

where F* = —itr(P*dP* A dP%) is the Berry curvature of «
band, « = + and A denotes wedge product. Operator P* =
|@RYy (WE| is the spectral projector on the o band and the inte-
gration is carried out with respect to closed surface, enclosing

D)
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2-€
= N

FIG. 4. Gauge on the integration sphere (left) and division of the
sphere into three regions along the exceptional lines (right).

the Weyl point. Equation (D1) is completely equivalent to
Eq. (14) from main text. We spit Eq. (D1) into two parts

1
([ e[ )
27 Sc Sk

where surface domains S¢ and Sg correspond to complex and
real spectra (see Fig. 4). The region of the real spectrum

(D2)

N s
consists of northern (N) and southern parts (S): Sg = Sg + Sk-
Therefore the integral includes three terms

1
=[] )
27 \Jse Sk Sk

Next, we use Stoke’s theorem to go from integration of Berry
curvature to integration of Berry connection. However, before
doing this, it is necessary to correctly select the gauge of the
eigenfunctions for the north and south poles. This gauge is

(D3)

important for regions zR and E’R, at the same time for region
Sc, we can choose any gauge. To use the Stokes theorem,
we break the sphere along the exceptional lines, as shown in
Fig. 4 (left). According to Stoke’s theorem the Chern number
is defined as follows:
/ F={ 4
s as

where 9S is the boundary of S and A is Berry connection. In
our case S =1, (see Fig. 2). In spherical coordinates, for
the Berry connection along the exceptional lines, we have

Afy = (WA oy g = (WL WE Do -5, A9

(D3)
where 6 = x( corresponds to exceptional line /; and 6 =
7T — Xo corresponds to exceptional line /. Now, splitting the
sphere as shown in Fig. 4 (right), we have

Ny = Ay — /.Asi| +-|;/ Ag — /.As]
I L 0=y I 15 H=m—xo
2w S
0 27'[
0=Xxo

N
gk ) — wL
27
d
:j:f de _ 4. (D6)
0 27'[

Thus the Chern number remains nonzero and integer despite
the fact that the Hamiltonian is non-Hermitian.

(D4)
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