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Abstract

We study the properties of the surface states in three-dimensional topological
insulators in the presence of a ferromagnetic exchange field. We demonstrate
that for layered materials like Bi,Se, the surface states on the top surface behave
qualitatively different than the surface states at the side surfaces. We show that
the group velocity of the surface states can be tuned by the direction and strength
of the exchange field. If the exchange field becomes larger than the bulk gap of
the material, a phase transition into a topologically nontrivial semimetallic state
occurs. In particular, the material becomes a Weyl semimetal, if the exchange
field possesses a nonzero component perpendicular to the layers. Associated
with the Weyl semimetallic state we show that Fermi arcs appear at the surface.
Under certain circumstances either one-dimensional or even two-dimensional
surface flat bands can appear. We show that the appearance of these flat bands is
related to chiral symmetries of the system and can be understood in terms of
topological winding numbers. In contrast to previous systems that have been
suggested to possess surface flat bands, the present system has a much larger
energy scale, allowing the observation of surface flat bands at room temperature.
The flat bands are tunable in the sense that they can be turned on or off by
rotation of the ferromagnetic exchange field. Our findings are supported by both
numerical results on a finite system as well as approximate analytical results.
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1. Introduction

A topological insulator is a material with an insulating energy gap in its bulk, but possesses
conducting surface states due to significant spin—orbit coupling. The existence of these surface
states is guaranteed by a topological invariant making them particularly robust against time-
reversal invariant perturbations or disorder. Due to spin—orbit coupling the surface states are
spin-momentum coupled allowing for interesting potential spintronics applications. The
dispersion of the surface states forms a Dirac cone, i.e. the conduction electrons at the surface
are effectively massless. This peculiar state of matter has first been suggested theoretically [1, 2]
and afterwards confirmed experimentally [3-8]. The number of materials identified as three-
dimensional topological insulators (3DTI) is steadily increasing [5—12].

In this work we study 3DTI in the presence of a ferromagnetic exchange field.
Experimentally, it has been demonstrated that such fields can be introduced into topological
insulators either by doping with ferromagnetic dopants [15-17] or by proximity to
ferromagnetic materials [18]. As the ferromagnetic exchange field breaks time-reversal
symmetry, it allows for controlled modification or removal of the surface states and could lead
to interesting effects or devices [13—15, 19]. In previous work it has been pointed out that
depending on the relative orientation of the exchange field with respect to the surface of the
topological insulator, the surface states may open an energy gap or remain intact [20-23].
However, only small exchange splittings have been considered. In this work we are considering
exchange splittings up to the order of the gap of the topological insulator, which is up to 0.3 eV
for present materials. Exchange splittings of the order of 1eV can be reached with
ferromagnetic materials.

In a recent work we studied a two-dimensional thin strip of a particle-hole symmetric
topological insulator and found that under exchange fields of such strength an edge state flat
band can appear [24]. Such flat bands are of particular interest, because the group velocity
vanishes allowing highly localized wave packets. Flat bands have been found previously in

other condensed matter systems like graphene, superfluid *He, or unconventional super-
conductors [25-39]. In particular, the appearance of flat bands in d-wave superconductors as
surface Andreev bound states has been well studied in the past both theoretically and
experimentally [33-35, 40—47]. Such surface flat bands have been shown to lead to an enhanced
barrier for vortex entry [48, 49] or increased nonlinear electromagnetic reponse [50-52].
However, it remained an open question whether flat bands may also appear in three-dimensional
topological insulators under sufficiently strong ferromagnetic exchange fields.

In the present work, we will present a systematic investigation of the possible surface
states of 3DTI and their behavior under a ferromagnetic exchange field. We will show under
which circumstances surface flat bands appear. In particular, we identify a case in which a two-
dimensional flat band can be generated. We demonstrate that the appearance of our flat bands
can be understood in terms of a classification recently proposed by Matsuura et al [53] using a
topological invariant in the presence of a chiral symmetry. We will also show that the exchange
field can produce highly anisotropic Dirac cones, i.e. that the group velocity is different in
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different directions. In this case the velocity can be tuned by rotation of the exchange field, i.e.
rotation of the remanent magnetization of the ferromagnetism.

Recently the possibility of realizing a Weyl semimetallic state in pyrochlore iridates has
raised a lot of interest [54]. This state is a generalization of the two-dimensional Dirac electrons
in graphene to a three-dimensional bulk system. In a Weyl semimetal conduction band and
valence band touch each other only at a finite number of points. These so-called Weyl nodes are
exceptionally stable for topological reasons. Of particular interest are the surface states of a
Weyl semimetal which may form open Fermi ‘arcs’ [54-56]. In the present work we show that a
3DTI with a sufficiently strong ferromagnetic exchange field becomes a Weyl semimetal in
most cases. The surface flat bands are directly related to the appearance of surface Fermi arcs in
this system.

In contrast to previous proposals for surface flat bands in other systems like graphene,
superfluid *He, or unconventional superconductors the present system has the advantage that
the relevant energy scale is much larger (~0.3 eV). This allows observation of the flat bands at
room temperature, while for all other previous proposals cryogenic temperatures are necessary.
In addition, the surface states can be tuned by rotation of the exchange field. For example, the
flat band can be turned on and off by a rotation of the remanent magnetization of a ferromagnet.
We demonstrate that such behavior can be achieved for realistic material parameters leading to
new possible spintronic devices.

2. Models

As a starting point we consider the generic effective two-orbital Hamiltonian for a three-
dimensional topological insulator suggested already in several previous works [57-60]. To
facilitate numerical calculations we choose the lattice regularized version that has been
suggested by Li et al [57]:

3
H(K) =g, + Ym @I+ Y VI, (1)

i=0 ac{x,y.z}
Here, ¢, (k) = C + 2D, (1 — cos k,) + 2D, (1 — €08 k},) + 2D, (1 = cos k), m, (k)= M — 2B,
(1 — cos kx) - 2B, (1 — cos ky) — 2B, (1 — cos kz), m, (k) = 24, sink,, m, (K)= 24, sin k,
and m,(k) =2A,sink. The Dirac I matrices are represented by I'*"’=
([I2X2 ®17,0Q7,0Q TZ) in the spin—orbit basis. Here, the Pauli matrices in orbital space
are denoted by 7. and the ones in spin space by o.. As has been pointed out by Hao and Lee [61],

there exist the following two different choices for I'’: I, =1, , ® 7, and I " =0 ® 7. These

correspond to two different types of spin—orbit coupling in z-direction. We follow the
convention of Hao and Lee and denote these two choices as model I and model II, respectively.
Note that if k, = O there is no difference between the two models. Model I is isotropic within the
xy-plane, but the coupling in z-direction is different. Thus one has qualitatively different
behavior of surface states at a z-boundary than at an x- or y-boundary. For model II the
spin—orbit coupling is isotropic and it is sufficient to consider surface states at one selected
boundary, because the qualitative behavior is the same in all three spatial directions.
It has been discussed in [59] that in the absence of an exchange field model I and model II are
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related by a unitary transformation and a 90 degree rotation within the xy-plane. However, this
is not true anymore in the presence of an exchange field, because the spin operators are mapped
to pseudospin operators under the unitary transformation as has been pointed out in [62]. Thus,
for the purpose of the present work the two models become different in the presence of an
exchange field. Model I is appropriate for Bi,Se, and its relatives.

The components of the ferromagnetic exchange field in x, y, and z-direction are denoted by

V_ ., respectively, and are modeled by Zeeman terms in the Hamiltonian equation (1). The

x,y,2°

matrices for the exchange field components are given by I, = ¢, ® 1, ,. The parameters A, A,,
B, B,, C, D, D,, and M have been derived from bandstructure calculations for the Bi,Se, family
of materials in [58, 59]. In our numerical calculations we will consider the case A, > M > 0
and B, > M as is relevant for these materials.

3. Symmetry considerations

Let us first discuss certain symmetries of the Hamiltonian (1) that will be of particular
importance in this work. To begin with we focus on the particle-hole symmetric case
C = D, = D, = 0, in which the effects become particularly clear and the topological invariant
proposed by Matsuura et al [53] can be used. In section 7 we will discuss the modifications that
appear when particle-hole symmetry is slightly broken, as is the case in the Bi,Se, family of
materials.

For C =D, =D, =0 the four bulk bands for model I can be found by analytical

diagonalization of the 4 X 4 matrices and are given by

E' (k) =+ \/mz + Vi 2\/ (m + m2)V? + (mV, + mV)’ 2)

while for model II we have

E" (k) =+ \/mz + Vs 2\/m02 Vit (mV, + mV, + m3VZ)2 3)

where V2 = V7 + V)2 + VZandm® = m; + m’ + m; + m;. As is clear from these expressions,

the bulk spectrum is fully symmetric around energy E = 0 for both models.
The I' matrices introduced in the previous section respect the following commutation and
anti commutation relations

(r.r’y =26, 4)
[r = [r 5] = {r ) = [n ] = ()
[ ] =[n. 0] = {n. ) =[5 ] = {r. )

(] =nrl=[n )= r) = r =o. 9

where §; 1s Kronecker’s delta symbol.

0, )

0, (6)

In the absence of an exchange field time reversal symmetry is respected. However,
application of an exchange field in any direction breaks time reversal symmetry. According to
the classification by Schnyder et al [63, 64] a system with broken time reversal symmetry may
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still be topologically nontrivial, if a chiral symmetry is present. Let & be a chiral symmetry
operator, which by definition anticommutes with the Hamiltonian, i.e.

{H (k), 6} = 0. (8)

If such a symmetry exists, the system falls into the AIIIl chiral symmetry class [63-65].
Let us consider the symmetry operator &, = ¢, @ 7,, which happens to be identical to the

operator I B ©, anticommutes with I °r:r ,3, r 2, I, and I, but commutes with I’ "and I'. Thus,

for k. = 0 and an exchange field within the yz-plane Hamiltonian (1) with C =D, =D, =0
possesses the chiral symmetry 6,.

Similarly, we can consider the symmetry operator 6, = 6, ® 7. = I’ *. @, anticommutes

with I'°, I'', I, I, I, and T, but commutes with "> and [. Thus, for k, = 0 and an exchange
field within the xz-plane Hamiltonian (1) with C = D, = D, = 0 possesses the chiral symmetry
o,.

Alternatively, we may also consider the symmetry operator ©; = ¢, ® ., which happens to

be identical to the operator 7 3. O, anticommutes with I” o, r’r’,r,and r, but commutes

12 " x°
with 7, and I;. Thus, for model I with exchange field within the xy-plane Hamiltonian (1) with
C = D, = D, = 0 possesses the chiral symmetry ;. For model II this symmetry is respected for
k, = 0.
From these considerations we see that Hamiltonian (1) under certain circumstances falls
into the AIII chiral symmetry class and we have identified three important symmetries.

4. Nonequivalent surface boundaries

Our aim is to calculate the energy dispersion of the surface states for both models, for all
possible nonequivalent surfaces perpendicular to x-, y- and z-directions, and for the
corresponding directions of the exchange field. In this way we will determine all possible
types of surface states that can appear in a 3DTI in a ferromagnetic exchange field.

For all cases we will present numerical calculations based on an exact diagonalization of
Hamiltonian (1) on a finite size lattice of dimension 500 X 500 x 200. Periodical boundary
conditions are employed parallel to the surface with 500 k-modes in both directions, while open
boundary conditions are used perpendicular to the surface on 200 real space points. Our
numerical results are compared with approximate analytical results for a continuous half space
using a small k expansion of Hamiltonian (1) near the I" point k = 0. For the appearance of the
flat bands we will check our results using the topological winding number proposed by
Matsuura et al [53].

In total we find that we need to consider seven nonequivalent cases: for model II the
spin—orbit coupling in z-direction is of the same type as in x- and y-direction. For that reason it
is sufficient to study a single boundary direction, which we choose to be a y-boundary, i.e. a
boundary with y= const. As regards the direction of the exchange field we have to distinguish
two nonequivalent cases here: parallel and perpendicular to the surface, i.e. V. # 0 and V, # 0.
In contrast, for model I we have five nonequivalent cases. For model I the spin—orbit coupling in
z-direction is of a different type than in x- and y-direction, but the in-plane coupling is still
isotropic. Therefore we need to distinguish a z-boundary and a y-boundary. For the z-boundary
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there are again two nonequivalent directions for the exchange field: V, # 0 and V. # 0. For the

y-boundary, however, all field directions are nonequivalent and we have three cases here.

We will see that among these seven cases there are three in which flat surface
bands appear. One-dimensional flat bands are found for model II with y-boundary and exchange
field in x-direction as well as for model I with y-boundary and exchange field in z-direction.
A two-dimensional flat band is found for model I with y-boundary and exchange field in
x-direction.

5. Model |

In this section we discuss the five nonequivalent cases for the particle—hole symmetric model I.
We start with the more interesting case of a y-boundary.

5.1. Boundary perpendicular to the y-direction with finite V

In this case with V. = V. = 0 the bulk energy bands equation (2) simplify to the following
expression:

2
E'(k) =+ \/mf + (Vy + Jmé + m? + mf) : )

In the absence of an exchange field this band structure usually possesses a gap, because m,, m,,
m, and m, do not become zero simultaneously. Thus, the system is insulating. However, the gap
closes when V, reaches a critical value V,,, which is derived in appendix A and is of the order of
M. The Fermi surface at zero energy is then defined by the two equations m, = 0 and
V)2 = mg + m, + m;. These two equations define a line in three-dimensional (kx, ki, kz) space.
Therefore the Fermi surface is one dimensional and the system has entered a semimetallic state.
If one looks at the I" point k, = k, = k. = 0, where m; = m, = m; = 0 and m, = M it is clear
that the semimetallic state is entered at V, = M or closely below. Thus, the parameter M > 0
sets the scale for the exchange field, at least for the range of the parameters A, and B, considered
here. In appendix A we derive the ranges of the exchange field under which the system becomes
semimetallic.

To find approximate analytical solutions for the surface states we expand Hamiltonian (1)
up to second order in k. If we assume a boundary in y-direction the momentum k has to be
replaced by the momentum operator —id,. To find the surface states we search for nontrivial
solutions of the Schrodinger equation that vanish both at y = 0 and for y — oo. In this case the
Hamiltonian can be written as

H (k) = H, (k) + H' (k), (10)
where

H, (k) = (i, (k) + B,0}) I — i24,0,I"", (11)

H&=m®TI+m®&I +V[I. (12)
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Here, i, (k) = M — 2B, (1 — cos k,) — 2B, (1 — cos k) and k = (k,, k). I} anticommutes
with H,,. I, commutes with both H; and I}, and I''" anticommmutes with H,, I, and [ In this

case the eigenstates of H (k) are linear combinations of (up to four) eigenstates of H, (k) (see
appendix B for a more detailed explanation). Surface states of H are superpositions of surface
states of H,. Following the general procedure from appendix B we will first determine the
surface states of H, and then deduce the ones of H from them.

For a system of finite width in y-direction, the energy of the surface states of H, behaves
like e as a function of the system size L in the y-direction. Let us consider a half infinite
system with a single boundary at y = 0. In this case the surface states of H, have zero energy. To
find these zero energy eigenstates we can exploit that H, commutes with the operator
6, = o, @ 7. Then there exist simultaneous eigenstates of H, and 6),. The eigenstates of €, are
(1,0, 0, )" and (0, 1, 1, 0)" with eigenvalue +1 and (1, 0, 0, — 1)" and (0, 1, — 1, 0)" with
eigenvalue —1. We try the following two ansitze:

¥, ) =C(1,0,0, )'f (), (13)

w,, ) =CQO, 1, - 1,07 ), (14)
where C is a normalization constant and f, (y) is solution of the equation

[, (&) + B,0; + 24,0, ], () = 0. (15)

The other two eigenstates of @, lead to exponentially increasing functions with y and thus
cannot fulfil the boundary condition for y — o0. Solving the differential equation (15) we find
that f (y) is given by

Al gy (k
2 _ 1 (k) y]. (16)

Ay
=e¢ 8 sinh|, |—
fk ) [ 322 B,
This solution can only fulfil the boundary condition for y — oo, if 71, (k) > 0. For those k
values where this condition is not fulfilled anymore, a surface state does not exist.
Having determined the surface states of H;, we can now infer the ones of H by noting that

H’ just couples the two solutions equation (13) and (14) as
F () = Uy, Vs — Vo )", (). (17)

Here, u and v are the components of the solution spinor & = (u,, v,)" of the following
eigenequation

[ (V, = m0) o, + m, M) q | & = E&. (18)
The full surface state solutions are then given by
C 0, — ib, T

Y’i,k(y)=f(l,ie s F et D £, (19)
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where
V., — 24, sink,

sin 6, =

b

. 2 )
\/(\{ — 2A, sin kz) + 4A, sin’k,

with the corresponding eigenenergies

. 2 2 -2
E (k) =+ \/ (V, = 24, sink,) + 44 sin’k, . (20)

These solutions show that we have surface states as long as i, (k) > 0. For small momenta the
dispersion equation (20) shows that the presence of the exchange field in y-direction shifts the
surface Dirac cone in k_-direction. The Dirac cone remains ungapped and its velocity is
unchanged.

In figure 1 we show results obtained from numerical calculation of the eigenenergies of a
finite slab on a finite size lattice for the present case showing nice agreement with the analytical
result. Here and in the following we show results for the parameter choice
A=A, =B =B,=M=1 and C=D, =D, =0. Results for parameters appropriate for
Bi,Se, are discussed in section 7. Figure 1(a) (for k., = 0) and (c¢) (for k, = 0) show the
dispersion in the insulating state for a small exchange field of V,/M = 0.2. In figures 1(b) and
(d) the semimetallic state with V},/M = 2.0 is shown. In the present case no surface flat band

occurs. Note, that in figure 1(c) four surface state dispersions are seen. Only two of them
correspond to equation (20). The other two dispersions are localized on the opposite surface,
which is present in the numerical calculation. These states are related by parity to the ones
found analytically above. Their dispersion is thus obtained from equation (20) by changing

(ko k) = (=k, — k). i.e.

E,k) =+ \/ (V, + 24, sin kz)2 + 4A2 sin’k, . 1)

We note that the surface states equation (19) possess an interesting nontrivial spin texture.
To see this we evaluate the expectation value of the spin components in the two orbitals. For
orbital 1 the spin matrices can be written in the form

. 1

§.=00 S (e +1) (22)
where o, for i € {x, y, z} are the spin Pauli matrices. For orbital 2 we have analogously

. 1

5, =06 Q 5 ([szz - Tz)' (23)

Using equation (19) we find the following expectation values in orbital 1:

<‘Iji,k $1.x Yj—_f—,k> = = %cos 0,
(Fo f5,] ) = % %sin 0,
(¥ 5] #) =0
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(a)

Figure 1. Numerical dispersions of bulk and surface states for model I with V./M = 0.2
for (a) and (c) and 2.0 for (b) and (d). In (a) and (b) k, = 0, and in (¢) and (d) k, = 0. We
haveused B,=B,=A,=A,=M=1,andC=D, =D, = 0.

and in orbital 2:

<Yj‘—ﬁk §2,x l‘yik> = F %COS Gk
(o [82] o) = % %sin 0,
<'P¢,k 5. ?’ik> =0.

From these expressions we see that the spin rotates within the xy-plane. The spin direction of the
two surface states is always opposite. The spin-x-component is opposite in the two orbitals,
while the spin-y-component is the same in the two orbitals. Therefore, the total spin points in y-
direction, perpendicular to the surface:
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<lPJ_r,k Y{_i—k> =0
(¥

<Yl’—ﬂk |F‘ yf_i—k> =0.

L,
r

y

Y{_i—,k> = =+ sin 6,

Note, that while the total spin is perpendicular to the surface momentum, the partial spins in the
two orbitals are not.

5.2. Boundary perpendicular to the y-direction with finite V

Let us consider next the case that both V. and V} are nonzero, but still V. = 0. It is useful to go
over to polar coordinates in this case and write V, =V, cos 8 and V, = V; sin 8. The bulk energy
bands equation (2) can then be brought into the following form:

E'(k) = + {(m1 sin § — m, cos 9)'+

2 172
+(V0 + \/moz +m; + (m, cos § + m, sin 8)2) } . (24)

Compared with equation (9) this corresponds to a rotation of the exchange field within the xy-
plane. Again, the system is insulating in the absence of an exchange field and the gap closes,
when V; reaches the critical value V. In the semimetallic state the Fermi surface is defined by
the two equations m, sin® —m,cosd =0 and V, =m; + m; + (m1 cos & + m, sin 3)2.
Therefore, the Fermi surface is still one dimensional.

Determination of the surface states becomes more difficult now, because I neither
commutes nor anticommutes with H,, in equation (11). As a result, it affects the spatial part of

the surface states. We can, however, determine the surface states of the Hamiltonian
H'y (k) = Hy (K) + VI, (25)
H, (k) still commutes with 6, = o, ® 7, and we can thus look for zero energy states of H; (k)

using the same ansatz equations (13) and (14) as before. The surface state solutions of H, (with
a boundary at y = 0 and a half infinite system as before) are then found to be

4 Al my(kK)+ V.
v () =C(1,0,0, ) e 5 sinh | |22 - LR/ | (26)
: B B,
A, A2 n, (k) =V
v, () =C 0, 1,-1,07e 5 sinh | |22 - U/ | 27)
’ B, B,

where C and C’ are normalization constants. It is clear that state 1 exists only if 712, (k) + V. > 0
and state 2 exists only if 7, (k) — V. > 0.
The matrices I, FIS, or [} neither commute nor anticommute with H;. Thus they affect the

spatial part of the surface states as well as the spin part. In this case we cannot separate the
Hamiltonian into parts. However, if |kl and V, are small we can treat H' equation (12) as a

perturbation using degenerate perturbation theory. We assume that the perturbation only

10
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couples the two surface states 1 and 2 to each other and neglect coupling to bulk states. This is a
reasonable assumption, as the surface states are well localized and in most cases well separated
in energy from the bulk states. In this case the overlap between the bulk states and the surface
states is very small. Also, due to the symmetric energy spectrum around E = 0 for each bulk
state with energy E there exists another one with energy —E. Thus, their contributions tend to
cancel each other in perturbation theory.

If both states 1 and 2 exist, the surface states for the full Hamiltonian H are then
approximately given by

¥, () = % (v, 0) = e, ). 28)

where
2A, sink, — V)

sin 6, = - .
\/ (24, sink, — V)" + 44 sin’k,

The surface state eigenenergies in this case are found to be

E (&) =+ B(V. k)\/ (24, sink, = V)" + 442 sin’k,, (29)

where

* YN Al k) V
:B(Vx,k) = CC’A dy e 2B, Slnh(\/Bzz—mO()—xy]

A m, (kK
><sinh(\/Bz2 - LOB( ) + Bx y]
2 2 2

4A; g (K) — V? 30)
"~ 4A%m, (K) + B,V?

is the spatial overlap of the two states equations (26) and (27). The dependence of f§ as a
function of V_at k = 0 is shown in figure 2.

For small momenta the dispersion equation (29) shows that the presence of an exchange
field within the xy-plane does not affect the presence of the surface Dirac cone. The Dirac cone
is just shifted in k -direction and remains ungapped. However, the velocity of the Dirac cone is

BS

isotropically suppressed by the factor S (V;, k). Thus, the presence of an exchange field component

in x-direction allows tuning of the group velocity of the surface states, as shown in figure 2.
The spin texture of the surface states equation (28) turns out to be the same as in the
previous section, except for the fact that all spin components are suppressed by the factor

p (Vx, k). Thus, the presence of the x-component of the exchange field V_ leads to a suppression
of the spin polarization of the surface states.

Figure 3 shows dispersions with exchange field (Vx, 0, O). One can see from the figure that
in this case k - and k -direction are equivalent. This is due to the fact that I, commutes with both

I and F13 . In figure 3(b) and (d) we see that a flat band appears, if V. > M. This flat band is

11
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0 0.2 0.4 0.6 0.8 1
V.M
X

Figure 2. The parameter f equation (30) as a function of V./M for two sets of
parameters: dashed red line for A, = A, = B, = B, = M =1, solid blue line for the
Bi,Se, set of parameters in section 7.

apparently two-dimensional, as it stays flat in both k, and k,_ direction. It still exists if we add a
finite V. The existence of this flat band goes beyond the perturbative treatment above. In the

next subsection we discuss the existence of this flat band in terms of a topological invariant
recently proposed by Matsuura et al [53].

5.3. Existence of a two-dimensional flat band

Matsuura et al [53] presented a general classification of the gapless topological phases like in
semimetals or nodal superconductors. They showed that a generalized bulk-boundary
correspondence exists that relates the topological properties of the Fermi surface to the
presence of protected flat bands at the surface of the system. In particular, it was found that the
dimension of the surface flat band is always given by the dimension of the Fermi surface plus 1,
if it exists (see table V in [53]).

In the present case the system is topologically nontrivial and belongs to class Alll as
discussed in section 3. The Fermi surface is one dimensional and we may thus expect the
appearance of a two-dimensional flat band.

The presence or absence of the flat band can be classified by a topological winding
number. To construct this winding number, we use the chiral symmetry @, = 6, @ 7, that was
discussed in section 3 and is valid in the present case. Whenever a chiral symmetry is present,
the Hamiltonian anticommutes with the symmetry operator. In this case the bulk Hamiltonian
can be brought into off-diagonal block form by transforming to the eigenbasis of ©;:

wa=(,0 7 )
Dk 0
where the block D (k) is found to be
m, (k) + im, (k) —m, (K) + im, (K) + V, — iV,
bk = m, (K) + im, (K) + V, + iV, m, (k) — im, (k) - Gb

12
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Figure 3. Numerical dispersions of bulk and surface states for model I with V./M = 0.6
for (a) and (¢) and 2.0 for (b) and (d). In (a) and (b) k., = 0, and in (¢) and (d) k, = 0.
The other parameters are same as in figure 1.

From the block D (k) we can define a winding number [53, 66]

W= - Im fdkl Tr (D7 ()9, D(K) )
2 ‘
1
= —m / dk, Tr (3, In D(k))
R / dk, 0, In det D(K)
2 *

1 )
= SIm / dk, (det D(k))™'9, det D(K). (32)

Here, k, is the momentum component perpendicular to the surface. The winding number w is
always an integer and depends on the momentum components parallel to the surface. It
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7T

arg det D(k)

-7 0

Ky

Figure 4. The phase of det D (k) for k, = 0 as a function of k, and k_ in a color coded
scale. The parameters are the same as in figure 3(b) and (d).

measures the phase change of the complex number det D (k), when k runs through the
Brillouin zone. If w (k,) = 0, there exists no zero energy state for the momentum k, at the

surface. If w (k”) is nonzero, a zero energy surface state exists. In the present case, where we
consider a boundary in y-direction we have

1 3
wk, k)= 2 1m / dk, 9, In det D(k). (33)

Figure 4 shows the phase of det D(k) for k, = 0 as a function of k, and k, in a color coded
scale for the same set of parameters as in figures 3(b) and (d). Blue color corresponds to phase 0
and white to phase +z. From the figure one notices that there exist a momentum space vortex
and an anti vortex at the positions (ky, kz) = (0, + 1.318), around which the phase winds by 2.

These positions are points on the bulk Fermi surface. Note that det D (k) = O on the Fermi
surface and the phase becomes singular there. From figure 4 it becomes clear that the winding
number (33) becomes 1, when k, € [—1.318, 1.318] and O outside. This is just the momentum

range of the flat band seen in figure 3(d). This example demonstrates that the winding number
(33) correctly predicts the presence of the flat band.
Using equation (33) we can derive an analytical condition for the existence of the flat band,

which is given in appendix C. In figures 5 and 6 we show the regions in (kx, kz)—space in which

the two-dimensional flat band on the y = O surface appears for different sets of parameters.
These areas were calculated using the analytical condition from appendix C. Note, that the
boundaries of these areas are just the projections of the one-dimensional Fermi surface onto the

(kx, kz)—plane, as shown in appendix C.

Figure 5 illustrates the effect of a rotation of the exchange field within the xy-plane on the
flat band area. The flat band area is shown for exchange fields V, = V; cos 8 and V, = V; sin §

with V; = 2.8 M and four angles of rotation 3. When the direction of the field is rotated from the
x-direction into y-direction the size of the flat band area is reduced in x-direction but remains

14
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Figure 5. The flat band area within the (kx, kz)—plane for different directions of the
exchange field. The field (V,, V,) is given by (V;, 0.0) (), V; (cos #/8, sin z/8) (b),

VO/\/f(l, 1) (c), and V,(sinz/8, cos #/8) (d), respectively. Here, V,/M = 2.8,
B=A =M=1, and C= D, =D, =0. The size of the flat band area is reduced
when the exchange field is rotated towards the y-direction.

unchanged in z-direction. When the exchange field points in y-direction, the flat band finally
disappears.

In appendix A we show that for M < 2A’/B, the minimal strength of the exchange field to
create a semimetallic state and thus a two-dimensional surface flat band for the present case is
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field in x-direction. V./M = 0.4 (a) , V/M = 0.8 (b), V/M = 1.0 (c), and V./M = 2.8
(d). Here, we have used the parameters V.=V = 0,B,=M=1,and A, =0.15.

Figure 6. The flat band area within the (k k )—plane for different values of the exchange

given by V. = M. However, if M > 2A7/B, (implicitly assuming B > A and B > M), the
minimal exchange field strength is given by the more complicated expression

, AJABM — 4A7 — M

(34)
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which is smaller than M. In this case we can have the situation that the flat band area is not
simply connected anymore as shown in figures 6(a) and (b). This case appears, when equation
(112) from appendix A possesses two solutions instead of just one.

5.4. Boundary perpendicular to the y-direction with finite V,

Next, we consider the case that V, is nonzero and V, = 0. The component V) will be treated
perturbatively like in section 5.2. The bulk energy bands equation (2) in this case simplify to

2
E'(k) =+ \/mf +ml+ [VZ + JmZ + m32] . (35)

Again, the system is insulating in the absence of an exchange field and the gap closes, when V,
reaches the critical value V, . In the semimetallic state the Fermi surface is defined now by three

instead of two equations, m, = m, = 0 and V” = m; + m;. For this reason, the Fermi surface

becomes zero dimensional, i.e. there are point nodes.
In this case the chiral symmetry @, does not hold anymore, because ©, commutes with 7.

However, as discussed in section 3 for the special case k., = 0 the system possesses the chiral
symmetry ©,. For that reason we may expect a one-dimensional flat band with k= O in this

case.
To determine the surface states in second order in ky one first notices that I neither

commutes nor anticommutes with H,. Therefore, it affects the spatial part of the surface states.

However, similarly as in section 5.2, we can determine the zero energy surface states of the
Hamiltonian

H', (k) = H,(k) + VI = (i, (k) + B,0}) "’ — i2A,01" + V.I. (36)

This Hamiltonian commutes with the symmetry operator ; = ¢, ® 7, and it anticommutes with
©,. As both @, and ©;, commute with each other, it is useful to look for surface state solutions
among the common eigenstates of @, and 6.

These eigenstates are (-1, 1, 1, 1)", (1, =1, 1, D', (1, 1, =1, )", and (1, 1, 1, —=1)". We
thus try the following two ansitze:

w0 = (1, =1, 1, 'f, (), (37)
ll/z,k (y) = (1’ 1’ _17 I)Tf]‘( ()’), (38)

(the other two eigenstates lead to exponentially increasing functions again). We find that f_(y)
is solution of the equations
[, (k) + B,0} + 24,0, + V.]f, () =0, (39)

where the plus sign holds for y;, and the minus sign for y, .
Solving the differential equation (39) we find the solutions
AL g (k) + V, ]
- = y s

AZ
=C(,-1,1, )¢ s sinh| | =2 -
W, ) ( ) [\/B22 B,

(40)
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4 A} my(k) =V
v, () =C(1, 1, =1, )¢ sinh | |22 — &=V 41)
' BZ BZ

It is clear that state 1 exists only if 77, (k) + V, > 0 and state 2 exists only if 72, (k) — V. > 0.
Having determined the zero energy surface states of H”, we can now try to obtain the ones

of H=H"y + mI' + m,[; + VI, from them. First, one notices that I’ ' = @, anticommutes
with H”, and the states (40) and (41) are already eigenstates of I '. Thus, these eigenstates are
also eigenstates of H”, + mI"" with energies ¥2A, sin k.. The operators I, and [, neither
commute nor anticommute with H”, + m,I"". However, if k, and V, are small we can treat the

terms m,I; + V.I', perturbatively, again. For the same reasons as in section 5.2, we may assume

that the perturbation only couples the two surface states 1 and 2 to each other. The surface states
for the full Hamiltonian are then found to be of the form

.. 6 6
P 0) = isin —tw, () + cos —tu, () (42)
. Oy O
Y_,(y)=icos ?y/l’k (y) — sin ?%‘k ) 43)
where
- 2A, sink_ -V,
sin 6, =

. 2 2 .2 '
\/(ZAl sink, — VV) + 4A, sin’k,

The energies are given by

E (k) = + \/ﬂ (V. k)’ (24, sink, = V)" + 442 sin’k, . (44)

Here, the spatial overlap S (V, k) has the same functional form as in equation (30). For small
momenta this dispersion shows that the y-component of the exchange field shifts the surface
Dirac cone in k_-direction. The Dirac cone remains ungapped by the exchange field. The
velocity of the Dirac cone is suppressed by the z-component of the exchange field only in
k_-direction, but not in k -direction. Thus, in the present case the exchange field can tune the
group velocity of the surface electrons in an anisotropical way.

To determine the spin texture of the surface states we evaluate the spin expectation values
in the two orbitals. For orbital 1 we find

<l1Ui,k $1 ﬁ,k> = =+ %cos 0,
<lPi,k Sy llyik> = 1@ sin 6,
(i [s.] #oi) = 0
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and in orbital 2:

(Fo [5,] #oh) = 1% cos 6,
<T¢,k §2,y Y{;k> = ¢M sin 6,
<'P¢,k §2,z 'Pik> = 0.

As in the previous cases the spin rotates within the xy-plane. The spin direction of the two
surface states is always opposite. The spin-x-component is opposite in the two orbitals, while
the spin-y-component is identical. With increasing V. the spin-y-component is suppressed by the

p (VZ, k) factor. The total spin points in y-direction again, perpendicular to the surface
<th,k ‘I;| Tik> =0

<5Ui’k |F)‘ l*'Uik> = Fp (V. k)sin 6,
(7.

Figure 7 shows results for the energy dispersions with finite V, obtained from numerical
calculations on a finite size system. One can see from the figure that the directions k, and k,

I

z

'{j-_i-,k> = 0.

differ. This is again due to the fact that I commutes with I but anticommutes with I"". We see
from the figure that a one-dimensional flat band appears in k_-direction if V, exeeds M.

5.5. Existence of a one-dimensional flat band

Similarly as in the case with nonzero V, the appearance of this one-dimensional flat band can be
understood using the classification of Matsuura et al [53]. For that purpose we consider the
Hamiltonian without the I"* term:

H k) =myK) I’ +m, K>+ m,(K) I, + VI (45)

If one considers this Hamiltonian for k, = 0 as a function of the two coordinates k, and k_, its

Fermi surface will be a point node in the two-dimensional Brillouin zone. However, one can
also consider this Hamiltonian as a function of the three coordinates & , ki and k_, keeping the k,

dependence in m, (k). Then, its Fermi surface will be a line node in the three-dimensional
Brillouin zone. In any case, H, belongs to class AIIl due to the chiral symmetry @,. Using the
chiral symmetry @, we can bring H, into off-diagonal block form, similarly as in section 5.3:

+
Ha=| 0 P®)
D, (k) 0
where the block D, (k) is found to be
my(K) + imy (k)  —im, (k) =V, )

—im,(K) = V.  my(K) — im;(K) (46)

D1(k) = (
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Figure 7. Numerical dispersions of bulk and surface states for model I with V./M = 0.6
for (a) and (c) and 2.0 for (b) and (d). In (a) and (b) k, = 0, and in (¢) and (d) k, = 0.
The other parameters are same as in figure 1.

Using this block, we can again define the winding number

Wk, k) = i m [ dk, 0, In det D,(K). @7

x? 7z

Following the method outlined in appendix C we can derive an analytical condition for the
existence of a flat band of H, which reads

V] > i, () + 442 sin’ (k). (48)

For k, = 0 this yields a range of k, values for which a one-dimensional flat band exists,
consistent with the numerical result in figure 7. If we consider H, as a function of three
coordinates k, ky, and k_, this condition tells us that H, actually possesses a two-dimensional
surface flat band within a certain area in (k,, k )-space. Now, H=H, + mI" and I

anticommutes with H,. This means that the zero energy states of H, are eigenstates of I'' = @,
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too. As a result, the dispersion of the surface flat band of the full Hamiltonian H is given by
E, (k. k) = 24, sink,. (49)

Thus, the surface state dispersions become highly anisotropic, being flat in k -direction, but
dispersive in k -direction.

In figure 8 we illustrate an example of the general case, where all three components of the
exchange field are nonzero. One sees from the figure that at small fields the surface states are
splitted, similarly as in figures 1(a) and (c). However, when the magnitude of the exchange field
exceeds M, a one-dimensional flat band appears in k, direction, similarly as in figures 7(b) and

(d).
In order to understand the appearance of a flat band in this general case let us consider the
following partial bulk Hamiltonian:

Hy (k) =my(K) I’ + m, KT+ VI, + VI + VI. (50)

We first construct a symmetry operator 6, that anticommutes with this H,,. We first note that the

operator @, anticommutes with I” o r2 r, and 7, but commutes with I, while the operator 6,

anticommutes with I"°, I'?, I, and I, but commutes with I". If we choose, however, the
following linear superposition of @, and ©,

4 v, |
6, = 6, — O,=siny 6, —cosy O, 51

JViev:i o vie v

it is easy to see that @,; anticommutes with the four operators I"’, I'?, I, and VI + V.I. Here,

we defined the angle y via V, = V, cos y and V. = V, siny with V, = \/V> + V’. Thus, the
partial Hamiltonian H, possesses a chiral symmetry ©,,, which depends on the direction of the
exchange field. For V, = 0 the symmetry operator reduces to @, corresponding to the case in
section 5.3 and for V, = 0 the symmetry reduces to the case discussed in section 5.5.

Using the chiral symmetry @, we can bring H, into off-diagonal block form by
transforming to the eigenbasis of @,,. There are two eigenvectors of ©,; with eigenvalue —1,

. . ){ X T X . X T . .
which are 7, = (0, 0, sin 2> €OS 5) and 1, = (cos 7, —sin 7, 0, O) and two eigenvectors with

i lue +1, which = (sinZ, cos £, 0, 0) and#n = (0, 0, cos £, —sin £) . In this basi
eigenvalue +1, whic arenB—(smg, cos 2, 0, ) an 774—(, , COS 7, —s1n5). n this basis

H, becomes block off-diagonal

o =[ 0 200
D,(k)y O
where the block D, (k) is
m Vo +ilm,+V,
D, (k) = Y o+ifm+ V) (52)
Vo +i (m2 - ‘{) m,
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(@)

Figure 8. Numerical dispersions of bulk and surface states for model I with exchange
fields (V V VZ) =02M (172, 172, l/\/E) for (a) and (c) and 2.0 M (1/2, 1/2, 1/3/2)

x0Ty’
for (b) and (d). In (a) and (b) k, = 0, and in (¢) and (d) k, = 0. The other parameters are
same as in figure 1.

and its determinant
det D, (K) = m; + m; — V; — V? = 2im,V, (53)
The Hamiltonian H, possesses a two-dimensional zero energy surface flat band, if the

corresponding winding number becomes nonzero. Following appendix C we find the criterion
that

(V2 = i) (V" = (1 - 4B,)") < 0 (54)
where m,(K) =M — 2B, (1 — cos kx) - 2B, (1 — Cos kz). In the vicinity of k. = k. =0 this
criterion can usually be fulfilled for V > M, if V does not become too large.

Having seen that the partial Hamiltonian H, possesses a two-dimensional zero energy
surface flat band we can apply
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H &) =m KT +m, KT, (55)
as a perturbation to find the approximate surface state dispersion for the full Hamiltonian. For
that purpose we need the surface state wave function y/. As the zero energy state is a common
eigenstate of H, and O,,, 7 will be a superposition of two eigenvectors of @,; with the same
eigenvalue, like

o) =10 +f 0, (56)
The two functions f (y) and f (y) have to be determined from the differential equation

H, (ky - —iay)yg = (0 and are found to be superpositions of three exponentially decaying

functions. An analogous superposition of the +1 eigenstates of 6, leads to exponentially
increasing functions, which cannot fulfil the boundary conditions. They correspond to solutions
localized at the opposite boundary. Both functions f (y) and f (y) fulfil

LOo0=0=f0=0=0 and are normalized such that

[ ahof+ [alhof =t (57)

The energy of the perturbed system is given by

E = <1//S ‘mllﬂ1 + mSIﬂ UIS>. (58)
By direct calculation we find that
<’7,- r| nj> =0 for i,je{l,2} (59)
and
V

<;7, &l ;1j> = —siny8; = ———=—=05, for i,j€ (1,2} (60)
As a result we find for the energy of the surface states of the full Hamiltonian:

vV |4 .
E (k. k)= —m, : —~ DA, sink,. (61)

JVEHVE ViV
From this expression we see that for V, # 0 we always have a one-dimensional flat band in
k_-direction. The group velocity in x-direction can be tuned by rotating the exchange field within
the xz-plane and vanishes when V. becomes zero. This expression shows how the one-

dimensional flat band develops into the two-dimensional flat band for exchange field within the
xy-plane.

5.6. Weyl semimetal

In this section we show that the semimetallic state of model I for an exchange field V >V, and
V. # 0 is actually a realization of a Weyl semimetal. The Weyl semimetallic phase can be
viewed as a three-dimensional generalization of the two-dimensional Dirac electrons in
graphene, as has been pointed out recently [54—56, 67]. In contrast to graphene, just two linearly
dispersing adjacent bands touch at a finite number of points in the three-dimensional Brillouin
zone. In the vicinity of these Weyl nodes, which have also been termed ‘diabolic’ points [68],
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the effective two-band Hamiltonian can be written in the form
H (k) = /v, (ko, + ko, + k.0) (62)

where the Pauli matrices o, do not need to refer to the spin degree of freedom. Such a diabolic
point is exceptionally stable due to topology, as arbitrary perturbations cannot remove it unless
an annihilation with another diabolic point occurs. A recent theoretical work proposed the
appearance of a Weyl semimetallic phase in pyrochlore iridates [54]. It was shown that the
surface states of the Weyl semimetal may form open Fermi ‘arcs’, i.e. Fermi lines which
terminate at the projection of the diabolic points onto the surface Brillouin zone.

In appendix A we showed that for V > V. model I enters a semimetallic phase. If V, # 0

the bulk spectrum indeed possesses either two or four Fermi points on the k_-axis, where two

bands touch each other. We still need to show that around these points the Hamiltonian can be
written in a form like equation (62). In order to do so we use a similar technique as we have

used for determination of the dispersion of the surface states. Let kK, = (O, 0, kz,O) be the
position of a Fermi point. We first consider the partial bulk Hamiltonian at k,

Hy (k) = my (ko) I'° + my (ko) I} + VI, + VI, + VI (63)

and construct a symmetry operator @,, that anticommutes with it. The zero energy eigenstates of
H, are then simultaneous eigenstates of @,,. From the eigenstates of @,, we determine the two
zero energy eigenstates of H, at the Fermi point. We then expand the full Hamiltonian to lowest
order in k, k, and k. — k_, around the Fermi points. This leads to a perturbation of the form

H (k) = —2B,(k, — ko) sink,J[° + 24,k " + 2A,k "+
+ 24, (k, — ko) cos kI (64)
The effective low energy 2x2 Hamiltonian near the Fermi points is obtained by degenerate

perturbation theory within the subspace of the two said eigenstates.
To construct the symmetry operator ©,, we first note that the operator @, anticommutes

with I'°, I" ; , I; and I, but commutes with I, while the operator @, anticommutes with I” °r ,3,
I, and I, but commutes with I'.. If we choose the following linear superposition of &, and 6,

4 4 .
6, = - o, — O,=singp 6, —cos ¢ O, (65)

Jvievi vy

it is easy to see that @), anticommutes with the four operators I'’, I, I, and V.I, + V.I,. There

are two eigenvectors of O, with eigenvalue -1, which are 5 = (0,0, ie™, 1)" and
n,= (—ie™,1,0,0) and two eigenvectors with eigenvalue +1, which are
n, = (0,0, —ie™, 1)" and n,= (ie™, 1, 0, 0)". One of the two zero energy eigenstates of H,
is a linear combination of 7, and 7,, while the other one is a linear combination of #, and ,.
After a straightforward calculation which exploits the fact that at the Fermi points we have
my 4+ mi =V} + V] + V? (see appendix A), we find the following eigenstates of H,:
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y = %(—ie""”, 1, =@ el (66)

s . —i . _ . T
W, = E(—e Hotd) o _jel =) e”) (67)

2 2 .
] + 1 ] va + V: + le
or = 0T hd e = ’ . (68)
m02 + m32 A sz + Vyz + V2

To find the effective low energy 2 X 2 Hamiltonian near the Fermi points for convenience we
use the two basis states

where

’

1 o
W= ht) and w=—=w-w. (69)

In this basis the Hamiltonian H’ becomes
H = [—ZB1 sink_, cos y + 2A, cos k_, sin)(] (kZ - kz,O) o+
+ 2A,k, [—sin @ o, + cos ¢ sin 80),]
+ 2A,k, [cos @ o, + sin ¢ sin & 0),]. (70)
Apparently, this is an anisotropic Weyl-type Hamiltonian. For example for V. = 0 this
expression simplifies to
H = [—ZB1 sin k_, cos y + 2A, cos k_, sin)(] (kZ - kz,O) o+
— 2A,k, 0, + 2A,k sin 9 o, (71)
Having seen that model I for V > V_and V. # 0 is a Weyl semimetal we can see now that
the one-dimensional surface flat band from the previous section equation (49) is just a Fermi

‘arc’ in the sense of [54]. It exists only in a limited range of k, values given by equation (48).
The end points of the Fermi arc are just the projections of the Weyl nodes onto the surface

X 4

Brillouin zone (k , k ), as one sees by setting k. = 0 in equation (48) and comparison with

equations (108) and (111) in appendix A.
5.7. Boundary perpendicular to the z-direction

The case with a z-boundary is much easier to treat than the case with a y-boundary. In this case
we can decompose the Hamiltonian in the following way:

H (k) = H, (k) + H' (k),
where

H, (k) = (i1, (k) + B,02) I’ + 24,0.T, (72)
H & =m KT +m&I*+ VI + VI + VI (73)

Here, i, (k) = M — 2B, (1 — cos k,) — 2B, (1 — cos k,) and k = (k,, k,) now.
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We are now in the lucky situation that I', I, and I’ all commute with H,, and both I" "and
I'? anticommute with it. Thus, the surface states for an exchange field in arbitrary direction can
be found from the zero energy surface states of H, using the method from appendix B.

We first determine the zero energy surface states of H, by noting that H, commutes with I
and anticommutes with the operator l,,, ® 7. The common eigenstates of these two operators
are just (1, 0, 0, 0)", (0, 1, 0, 0)", (0, 0, 1, 0)", and (0, 0, 0, 1)". We try the following two
ansitze (the other two eigenstates leading to exponentially increasing functions again):

w, ) =(1,0,0,0)f (), (74)
v, ) =0, 1,0,0f, 2), (75)
where f (z) is solution of the equation
[/, (k) + B,0? + 24,0.|f, (2) = 0. (76)
Solving the differential equation (76) we find that f (z) is given by
A AP iy (K)
= e B°sinh |, [—% — . 77
h@=e [ 5’ B zJ (77)

This solution can only fulfil the boundary condition for z — oo, if 1, (k) > 0. For those k
values where this condition is not fulfilled anymore, a surface state does not exist. The form of
the solutions equation (74) and (75) means that the surface state only occupies orbital 1, leaving
orbital 2 empty. Correspondingly, the surface state at the opposite surface of the system is found
to occupy orbital 2 only.

To obtain the surface states of H from the ones of H, we have to determine those linear

combinations of y | and y,  that diagonalize H’, i.c.
Fi=a ®y, @ +b®y, (2, (78)

%, = a, &y, )+ by, (. (79)
If we write & (k) = (al. k), b, (k) )T the coefficients are determined from the equation
[(V.+ m, )6, + (V, + m, () )6, + Vio. | & () = E, K) & (K). (80)

The eigenenergies are given by

E .k ==+ \/ V2 + (24, sink, + V,)' + (24, sink, + Vy)z. (81)

This expression tells us that the components of the exchange field parallel to the surface (V. and
V,) for small momenta just shift and split the surface Dirac cone without opening a gap and
without changing the group velocity. The component V. perpendicular to the surface opens a

gap, however. This behavior is in agreement with previous work [20]. A flat band does not
appear in this geometry. Even though the system is still a Weyl semimetal in the bulk, a surface
Fermi arc does not appear, because the Weyl nodes all sit on the k_-axis. Thus, their projection

onto the surface Brillouin zone is the single point k, = k, = 0 and the Fermi arc is not present.
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The full surface state wave functions can be written in the form
T

. 0 7
)= (e"¢k cos ?" sin 7“ 0, 0) £ @) (82)

T

. 6 0,
Y )= (—e—lfﬁk sin Ek’ cos ?k, 0, 0) f (@)- (83)

Here, we have introduced two spherical angles ¢ and @ that define the direction of the vector
(m, + V. m, + V, V.);
2A,sink, + V.

cos ¢, sin 6, =

\/ V24 (24, sink, + V. + (24, sink, + V)’
2A, sink +V,

sin ¢, sin 6, = 2
\/ V2 + (24, sink, + V,) + (24, sink, + V)

V

2

cos 0, =

(V2 + (24, sink, + V)" + (24, sink, + V)

For the spin texture of these surface states we find

A

<Y/¢,k Six T¢k> = =+ cos ¢, sin 6,
<5U¢,k Sty 5Uik> = =+ sin ¢, sin 6,
<Yj-_i—,k 812 Y’ik> = =+ cos 6,.

The spin in orbital 2 vanishes. This means that the spin is directed along the vector

(m1 +V,m,+V V). For V. = 0 the spin-z component vanishes and the spin is oriented

Y oz
within the plane of the surface, in contrast to the cases with the y-boundary.

Figure 9 shows numerical dispersions from a finite size system with finite V_ in agreement
with equation (81). For larger values of the exchange field V. > M the bulk gap has closed. The
surface states then exist within the bulk bands.

Figure 10 shows numerical dispersions with finite V. confirming the opening of a gap for

small values of V.. Again, for larger values of the exchange field V, > M the surface states only
exist within the bulk bands and no flat band appears.

6. Model Il

In this section we discuss the two nonequivalent cases for the particle-hole symmetric model II.
Model II is distinguished from model I only in the coupling in k -direction by the matrix

I = 6. ® 7 instead of I';. The other I'-matrices are the same as in model 1. The matrix I’ has

different commutation and anti commutation relations than ;. Model II is more symmetric in
the sense, that the three spatial directions possess equivalent couplings. Therefore, it does not
matter which direction of the boundary we consider. For convenience we choose a boundary in
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(g)

E(0.k,)

Figure 9. Numerical dispersions of bulk and surface states for model I with boundary in
z-direction for V./M = 0.2 in (a) and (¢) and 2.0 in (b) and (d). In (a) and (b) k, = 0, and
in (c) and (d) k, = 0. The other parameters are same as in figure 1.

y-direction, because this allows us to build on the results from model I found in the previous
section.

6.1. Finite Vx and V,

The case with both V_ and Vy nonzero, but V. = 0 can be treated along the same lines as has been

discussed for model I in section 5.2. We can again go over to polar coordinates in this case and
write V. = V; cos & and V, = V; sin 8. The bulk energy bands equation (3) can then be brought

into the form:
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(@)

Figure 10. Numerical dispersions of bulk and surface states for model I with boundary
in z-direction for V./M = 0.2 in (a) and (c) and 2.0 in (b) and (d). In (a) and (b) k, = 0,
and in (c) and (d) k. = 0. The other parameters are same as in figure 1.

E'(k) = % {(m1 sin§ — m, cos 9)° + m2+

2 172
+(V[) + \/mo2 + (m, cos § + m, sin 8)2) } : (84)

Again, the system is insulating in the absence of an exchange field and the gap closes, when V,
reaches a critical value V, ~ M. In contrast to model I, in model II V depends on the
direction of the exchange field as detailed in appendix A. In the semimetallic state the Fermi
surface is defined by three equations m, sin® — m, cos® =0, m, =0, and V, = mj+

(m1 cos & + m, sin 8) now. Therefore, the Fermi surface is pointlike, i.e. zero dimensional.

Similarly as in section 5.6 it can be shown by linearization around the point nodes that the
system is a Weyl semimetal in this case, too.
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To determine the surface states, we can start from the same Hamiltonian H’, in equation
(25) and its zero energy surface states in equations (26) and (27). We can then treat the terms

H & =m®TI"+m®&7I,+V[I, (85)

using degenerate perturbation theory again. In contrast to the matrix I, the matrix I'; leads to a
diagonal coupling of the two surface states instead of an off-diagonal coupling. As a result the
dispersion of the surface states in k -direction remains unaffected by the spatial overlap f (VX, k)

equation (30). Consequently, we find the following surface state dispersions for the full
Hamiltonian within perturbation theory:

E (K) =+ (V. k) (V2 + 44} sin'k ) + 4A sin’k, (86)

This dispersion shows that the V. component of the exchange field, which is perpendicular to the
surface, opens a gap in the surface state spectrum for small values of V.. The component V,
parallel to the surface leads to an anisotropic reduction of the dispersion in k -direction, but not
in k -direction. In figures 11 and 12 we show the corresponding numerical results on a finite
lattice for V, nonzero and V, nonzero, respectively, which agree with this behavior.

The surface state wave functions for this case can be written in the form

. 7 .0
¥ () = e cos Ekll/l,k (y) + sin ?kl//z,k () (87)

g . O 0,
Y  ,)=-e % sin ?kl//l,k (y) + cos ?ky/z’k ). (88)
Here, we have introduced two spherical angles ¢, and 6, that define the direction of the vector

(ﬂmp ﬂ‘/y’ m3):

o = 2PA, sink_
cos ¢, sin O, = 22 2, 2.2 2 . 2
\/ﬁ Vi + 4p°A;sin‘k, + 4A. sin” k,
: : BV,
sin ¢, sin 6, = 212 242002 2 2
\/ﬂ Vi + 4p°A;sin‘k, + 4A. sin” k,
2A, sin k,

cosf, =

JBPVZ + 4pPAsinck, + 4A 7 sink,

For the spin texture of these surface states we find in orbital 1:

<ﬁ,k 8 ﬁk> = + g Ccos ¢, sin 6,
(o o] ¥or) = = g sin ¢b,_sin 6,
<Yj¢,k 8.2 ink> = % % cos 6,
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(@)

Figure 11. Numerical dispersions of bulk and surface states for model II with
V./M = 0.2 in (a) and (c) and 2.0 in (b) and (d). In (a) and (b) k, = 0, and in (c) and (d)
k.= 0. The other parameters are same as in figure 1.

In orbital 2 the x- and z-components of the spin turn out to be inverse:

<Y{_ﬁk 85 Y’ik> = 1§ cos ¢, sin 6,
(o [5)] ¥in) = = g sin ¢, sin 6,
<5‘{_ﬁk 5, . ‘I{_rk> = 1% cos 0,.

Here, we see that in contrast to the corresponding case for model 1 the spin possesses
components in all three spatial directions. In the limit V, — 0, the angle ¢, goes to zero and the

spin-y component vanishes. The spatial overlap factor f is seen to suppress only the x- and y-
components of the spin. For the total spin we find:
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(a)

Figure 12. Numerical dispersions of bulk and surface states for model II with
V./M = 0.2 in (a) and (c) and 2.0 in (b) and (d). In (a) and (b) k, = 0, and in (c) and (d)
k.= 0. The other parameters are same as in figure 1.

(#x D) o) = 0
<¥;’k ‘Fy‘ Y’ik> = =+ fsin ¢, sin 6,
(¥l #) = 0.

The total spin is directed perpendicular to the surface. It vanishes in the limit V, — 0.

From the numerical results in figures 11(b) and (d) we see that a one-dimensional flat
band appears for nonzero V. > M. Again, the appearance of this flat band can be understood
by a topological winding number. In the present case the system obeys the chiral symmetry 6,
for k, = 0, as was discussed in section 3. The Fermi surface is zero dimensional, so we
may expect a one-dimensional flat band. As the Hamiltonians for model I and model II
are identical for k. = 0, the off-diagonal block form of the Hamiltonian is the same as in
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equation (31), i.e.
m, (K) -m, (K) + im, (k) + V, = iV,

Dk = (ml (k) + im, (k) + V, + iV, m, (k) - ®

The corresponding winding number is then given by
w(k,) = zi m [ dk, o, In det D). (90)
T - : 7

The one-dimensional flat band in the present case thus corresponds to a k, = 0 cut of the flat
band area shown in figure 5 (a). We can find the full dispersion of this flat band also for finite &,
by noting that the matrix I', anticommutes with the Hamiltonian for k. = 0. As a result the zero
energy states for k, = 0 are eigenstates of I », too. Therefore, the dispersion of the surface flat
band for finite k, is given by

E (K) = + 2A, sink,. 91)
As for model I, the zero energy surface of this one-dimensional flat band is a

Fermi arc, whose end points are the projections of the Weyl nodes onto the surface
Brillouin zone.

6.2. Finite V, and V,

The case with both V, and V, nonzero, but V, = 0 can be treated like the corresponding case for
model I in section 5.4. The Fermi surface turns out to be zero dimensional and the system
possesses the chiral symmetry 6, for k. = 0. For determination of the surface states we can start
from the zero energy surface states equations (40) and (41) of the Hamiltonian equation (36) and
treat H' = m,\I" + m,l; + VI, as a perturbation. The energies of the surface states are then found

to be

E (k) =+ \/ﬂ (V. k) (V2 + 447 sin’k,) + 447 sin’k,. (92)

This is the same kind of dispersion as in equation (86) with the roles of the x- and z-coordinates
interchanged. The spin texture of the surface states in orbital 1 is found to be:

<Yj+k $1 '{{,k> = + 1 m,
+, ; + 2 \/mlz + ﬁz (m32 + Vyz)
§ 1 sV
<‘Pi’k " yji’k> -t \/mlz + p? (;132 +V})
<T‘—r:k $1.. Y{rk> = i% pmy

Jmﬁ + 4 (m? + V?)
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and in orbital 2:

" 1 m,
¥ ¥ = F—
(o ] 2 N
. 1 PV,
¥ 1P, = £—
N
N _1 pm;,
Vo 5] Hor) = 7 -
< +k |52, ,k> +2 \/m12 + B (m32+ V»Z)
For the total spin we find:
<¥{_r,k I, Tik> =0
pY,
Pl Vo) = £ ’
] = s Jme % (md + V)
<T¢,k I yj¢k> = 0.

The total spin is again directed perpendicular to the surface and vanishes in the limit V, — 0.

We find a one-dimensional flat band for finite V. > M, that can be understood by a
topological winding number using the chiral symmetry @, for k = 0, analogously to the
previous case. As the matrix /; anticommutes with the Hamiltonian for k. = 0 we eventually
find the dispersion of the surface flat band in this case as

E, (k) = + 24, sink,. (93)

Again, the zero energy surface of this one-dimensional flat band is a Fermi arc, whose end
points are the projections of the Weyl nodes onto the surface Brillouin zone.

7. Effect of broken particle-hole symmetry

So far we have studied the case C = D, = D, = 0. When these parameters become nonzero,
the particle-hole symmetry of the system is broken. Also, the chiral symmetries discussed in
section 3 are not obeyed anymore. For this reason the topological winding numbers that we
used in the previous sections to determine the presence or absence of a surface flat
band cannot be used anymore. However, this does not mean that the surface bands
completely disappear. In the following we will demonstrate by both numerical and analytical
calculation that surface bands, which are energetically well separated from the bulk bands
still exist in the broken particle-hole case. We will see that the surface bands become
dispersive now with the dispersion increasing proportional to D, and D,. Similar behavior has
been noted in other systems before as well [30, 32, 53]. For the numerical calculations we
use parameters that are realistic for Bi,Se, and have been given in [58]. The Hamiltonian is
now
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3
H(K) =g, + Ym @I+ Y VI, (94)

i=0 ae{x,y,z}
with g, (k) = C + 2D, (1 — cos kx) + 2D, (1 — cos ky) + 2D, (1 — cos kz), m,(K) =M — 2B,
(1 = cosk,) — 2B, (1 — cosk,) — 2B, (1 — cos k) , m, (k) = 24, sin k,, m, (k) = 24, sin k,,
and m, (k) = 2A, sink_. For Bi,Se, parameters derived from [58] are: A, = 0.575¢eV,
A, =0495eV, B, =274¢eV, B, =330eV, C =-0.0068eV, D, =0.36¢eV, D, =1.14¢V,
and M = 0.28 eV. Here, we have used the lattice constants a = 4.14 A and 15¢ = 28.64 A for
conversion into our lattice model. In the following, we use the same parameters for both model I

and II.

It is clear that the bulk energy bands are just shifted by g,(k) with respect to the
particle-hole symmetric cases studied in the previous sections. The former zero energy points,
at which two bulk bands touch each other, will then have energy ¢, (k). For model I with V, = 0
and V> V_we had a one-dimensional Fermi surface, whose degeneracy will now be lifted.
Thus, these nodes will generally overlap with the two touching bulk bands. However, for the
particle-hole symmetric model I with V. # 0 and V > M we have a Weyl semimetal with just
two Fermi points. As these two Weyl nodes sit at symmetry related momentum points, they are
shifted by the same amount ¢, (k). Therefore, the particle-hole broken system remains a Weyl
semimetal unless the dispersion g, (K) becomes so large that the Weyl nodes start to overlap
with the bulk bands. This same argument also holds for model II with V > M. Thus, the Weyl
semimetallic phases in model I and II are preserved under not too large particle-hole symmetry
breaking and we may still expect the presence of surface Fermi arcs, as we will show explicitly
from our numerical calculations below. In the following we restrict the discussion to the
geometries in which we found surface flat bands for the particle-hole symmetric cases.

7.1. Model I with boundary perpendicular to the y-direction

In the absence of an exchange field the surface state dispersions can be found by replacing the
momentum £, by the momentum operator —id, and solving the 4 X 4 matrix Schrodinger

equation directly with an exponential ansatz following [60]. This way one finds
E (k) = C+ Mt,+2(D, — Bt,)(1 — cos k)
+ |1 — 17 J4A] sin’k, + 4A 2 sin’k_, (95)

where t, = D,/B, ~ 0.35. If t, > 1 surface states do not exist.

When an exchange field is turned on, the Schrodinger equation leads to 8th order
polynomials, whose zeroes cannot be given in closed form. However, analytical results can be
obtained for fields in high symmetry directions and small values of momentum k, and k_ by

expansion.
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When the exchange field points into y-direction we find the following dispersions

E (k) = C+ Mt,+2(D, — Bt,)(1 — cos k)

2
+ \//3; (k,)A; sin’k, + (vy — 1 = ]A;sin kz) : (96)
Here, f, is a spatial overlap factor of the form
2A22\/ [M - 2B, (1 - cos k) | — 4,2.47sin'k,
p(k.) = (97)

2A; [M — 2B, (1 - cos kz)] + t;B,A *sin’k,

equation (96) tells us that the Dirac cone remains ungapped for an exchange field in y-direction
and is shifted in k, direction, like in the particle-hole symmetric case in section 5.1.

With exchange field in x-direction the following low field dispersions are found

E (k) = C+ Mt,+2(D, — Bit,)(1 — cos k)

+ \/tzzvxz + (1 - tzz)ﬁf (Vx) (4A22 sin’k, + 447 Sinsz) ’ 98)

where the spatial overlap

4A\M? -V} ©9)

V)= .
A ) 4A; M + (1 - 1)B,V;

In contrast to equation (29) we now find the opening of a gap in the dispersion, which is of the
order of ¢,V.. Corresponding numerical results on a finite lattice for V. = 0.2 M are shown in
figures 13(a) and (c). If we increase V, beyond M, we enter a state that corresponds to the two-
dimensional flat band state discussed in section 5.3. As one can see in figures 13(b) and (d) the
surface band becomes dispersive now. However, it still exists and remains well separated from
the two bulk bands. The dispersion of the surface band over the surface Brillouin zone is shown
in color coded scale in figure 14. The dispersion is much smaller along k -direction than in
k_-direction. An approximate analytical expression valid for small k. and k_ can be obtained
from equation (98), if one sets f = 0. In the total density of states of this system the surface
band appears as a peak, similar to what was found for the edge states in a two-dimensional
system in our previous work (see figure 5 in [24]).
With exchange field in z-direction we find the dispersions

E, (k) = C+ Mt, + 2(D, — Bit,)(1 — cos k,)

2
= \/4ﬂ52 (V)(1 = ) A7 sin%k, + (v, = 21 - 24, sink, ) (100)
where f is given by

4A;\/m02 e (4t22A2zsin2kx + 4V, 1 — ¢ sin kx)
AATT, + 4B, VLA, 1 — 1] sink, + B,V. + ,B, (4A;sin’k, — V)

(101)

B (V.)
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Figure 13. Numerical dispersions of bulk and surface states for model I with
V./M = 0.2 in (a) and (c) and 4.0 in (b) and (d). In (a) and (b) k, = 0, and in (c) and (d)
k.= 0. The other parameters are the ones for Bi,Se; as described in the text.

with m, = M — 2B, (1 — cos kx) — 2B, (1 — cos kz). From this dispersion we see that the Dirac

cone remains ungapped for an exchange field in z-direction and is shifted in k_direction. The
numerical results shown in figures 15(a) and (c) confirm this behavior. In figures 15(b) and (d)
results are shown for V, > M. From these figures we see that also the one-dimensional flat band
discussed in section 5.5 becomes dispersive now due to the broken particle-hole symmetry.
However, the system remains a Weyl semimetal, as was pointed out above. The projections of
the two Weyl nodes onto the surface Brillouin zone for V. =4 M are found at

(kx, kz) = (0, + 0.66) in figure 15(d). These are the points, where the surface band ends. In
figure 16 we show the lines of constant energy E = 0.144 eV for the states on the y = 0 surface
(solid line) and on the y = L surface (dashed line). Here, one can see that the line of constant
energy at the energy of the Weyl nodes becomes a curved and open Fermi arc, as expected in a
Weyl semimetal [54, 55]. In contrast, the Fermi arc was a straight line in the particle-hole
symmetric case discussed in section 5.6.
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Figure 14. Dispersion of the surface band for model I with V./M = 4.0. Red color

indicates high energy values and blue color low values. The other parameters are the
same as in figure 13.

7.2. Model | with boundary perpendicular to the z-direction

In this case we find approximate surface state dispersions for small momenta k, and k of the
form

E (k) = C+ Mt, + 2(D, — B,t)) (2 — cos k, — cos ky)

+ \/ V2 + (VX + 2.1 = £2A, sin kx)2 + (Vy + 21— 124, sinzky)z, (102)
where t, = D,/B,. Here, the z-component of the exchange field opens a gap in the Dirac
dispersion, while both x- and y-components lead to a shift of the Dirac cone, leaving it intact. In
this geometry there appear no Fermi arcs at the surface, as in the corresponding particle-hole
symmetric case. This can be understood from the fact that both Weyl nodes sit on the k_-axis.
For that reason their projections onto a k.= const. plane fall on top of each other and the Fermi
arc shrinks to zero. It is interesting to see that the physics of the Weyl semimetal state cannot be
observed on a z-surface due to the structure of the Weyl state here. Experimentally one needs to
look at the side surfaces or at a surface having a finite angle with the z-surface to observe the
Fermi arc.

7.3. Model Il with boundary perpendicular to the z-direction

In the absence of an exchange field the surface state dispersions are given by

E (k) = C+ Mt +2(D, — Byt) (2 — cos k, — cos ky)

+ 1 - 1724, sin’k, + sin’k,, (103)

where t, = D/B, = 0.13. If t, > 1 surface states do not exist.

When the exchange field points into x-direction we find the following surface state
dispersions
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Figure 15. Numerical dispersions of bulk and surface states for model I with V./M = 0.2
in (a) and (c) and 4.0 in (b) and (d). In (a) and (b) k, = 0, and in (¢) and (d) k, = 0. The
other parameters are same as in figure 13.

E (k) = C+ Mt + (D, — B,t)) (2 — cos k, — cos ky)

+ \/4ﬂ62 (V) (1 = 17)AZ sin’k, + (1Y, = 2T = 24, sin ky)2 (104)
where f is given by
4A22\/ﬁ102 - V- (thzzsinzky + 4VeA, 1 = 1 sin kx)
A V)= 4AIE + ABViAN1 — 17 sink, + B,V + 17B, (4A 2sin’k, — V?)

(105)

with i, = M — 2B, (1 — cos k,) — 2B, (1 — cos ky). From this dispersion we see that the Dirac
cone remains ungapped for an exchange field in the x-direction and is shifted in the &, direction.

Corresponding numerical results are shown in figures 17(a) and (c) confirming this behavior. In
figures 17(b) and (d) we show results for V. > M. Here, we see that again the corresponding
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Figure 16. Surface Fermi arc for the set of parameters shown in figure 15(b) and (d).
The solid line shows the line of constant energy E = 0.144 eV for the states at the y =0
surface, the dashed line for the opposite surface at y=L. The black dots at

(kx, kz) = (0, + 0.66) are the projections of the Weyl nodes onto the surface Brillouin
zone. The Fermi arcs end there.

one-dimensional flat band discussed in section 6.1 becomes dispersive now due to the broken
particle-hole symmetry. Again, this system remains a Weyl semimetal, however. As pointed
out in appendix A, in model II the Weyl nodes follow the direction of the exchange field and sit
on the k -axis in the present case. The projections of the two Weyl nodes onto the surface

Brillouin zone for V. = 4 M are found at (kx, ky) = (£0.623, 0) in figure 17(d). These are the

points, where the surface band ends. Similarly as in figure 16 the lines of constant energy
E =0.421 eV become curved and open Fermi arcs (not shown).

When the exchange field points into z-direction we find the following surface state
dispersions

E. (k) = C+ Mt +2(D, — B,t,) (2 — cos k, — cos ky)

= \/ V2 + (1= 17)4A] (sin’ (k,) + sin’ (k,) ). (106)

Thus, the application of an exchange field perpendicular to the surface leads to a gap in the
Dirac dispersion. When V. is increased beyond V., no flat band appears. This can be understood
from the fact that in model II the Weyl nodes follow the field direction. Thus, for fields
perpendicular to the surface their projections onto the surface Brillouin zone fall on top of each
other and the Fermi arc disappears.

8. Summary and conclusions
We have studied the modification of the surface states of a three-dimensional topological

insulator by a ferromagnetic exchange field using the two models that are presently discussed
for topological insulators.
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Figure 17. Numerical dispersions of bulk and surface states for model II with
V./IM = 0.2 for (a) and (c) and 4.0 for (b) and (d). In (a) and (b) k, = 0, and in (c) and
(d) k. = 0. The other parameters are same as in figure 13.

For model I, which is appropriate for the Bi,Se, class of layered materials the surface states
on a side surface behave qualitatively different than the ones on the top or bottom surface. For
exchange fields smaller than the bulk gap the velocity of the Dirac cone can be tuned down to
smaller values in an anisotropic way depending on the direction of the exchange field. For
exchange fields larger than a critical value of the order of the bulk gap the system, becomes a
topologically nontrivial semimetal. We have shown that, in a particle-hole symmetric system,
the Fermi surface of this semimetal is a line in momentum space, if the exchange field is
directed within the xy-plane. In this case a two-dimensional flat band appears at a side surface. If
the exchange field possesses a finite component in z-direction, there exist only single points in
the Brillouin zone, where the bulk gap vanishes. We have shown that in this general case the
system becomes a Weyl semimetal. Associated with this peculiar state of matter we find Fermi
arcs at the side surfaces and one-dimensional flat bands.
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If particle-hole symmetry is not obeyed, the flat bands become dispersive, but remain well
separated from the bulk bands. The Weyl semimetallic phase and the existence of a surface
Fermi arc is preserved also under broken particle-hole symmetry.

In model II, which is more isotropic than model I, the behavior on the top and side surfaces
is qualitatively the same. For small exchange fields, it is again possible to tune the velocity of
the Dirac cone by the exchange field anisotropically. For exchange fields larger than a critical
value of the order of the bulk gap model II always enters a Weyl semimetal state. Associated
with this we also find Fermi arcs and one-dimensional surface flat bands in this case. However,
in model II there is no case in which a two-dimensional surface flat band appears.

If particle-hole symmetry is not obeyed, the flat bands become again dispersive. The Weyl
semimetallic phase and the existence of a surface Fermi arc again is preserved under broken
particle-hole symmetry.

The Weyl nodes in model I sit on the & -axis, while they move with the direction of the
exchange field in model II. As a consequence, in model I the Fermi arcs and flat bands do not
appear on the top and bottom surfaces, while in model II this is possible.

We have shown that the appearance of flat bands in our particle-hole symmetric cases
could always be classified by topological invariants that have recently been given by Matsuura
et al [53]. The invariants are related to different chiral symmetries in the different cases.

Surface flat bands have been proposed in systems like graphene, superfluid *He, or
unconventional superconductors before. However, in these systems cryogenic temperatures are
required to observe the flat bands. In the materials discussed here, the energy scale is set by the
bulk gap, which is of the order of 0.3 eV in Bi,Se,. Thus, flat bands could be observed already
at room temperature. The fact that one can turn on or off a surface flat band by rotation of the
magnetization of a ferromagnet makes the present system particularly interesting for
applications in spintronics.
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Appendix A

In this appendix we derive the ranges of the exchange field under which model I and II become
semimetallic, i.e. the gap vanishes. It is only in the semimetallic phase that the system possesses
surface flat bands. In particular it is of interest to know the critical value of the exchange field
that is necessary to drive the system from the insulating into the semimetallic phase.

For model I we start from the bulk bandstructure of the four bands given in equation (2).
We omit the diagonal term ¢, (k)l,,, in the Hamiltonian as it just shifts the four bands by ¢, (k)
and thus does not affect the direct gap of the system. For large values of D, and D, this term can
lead to an indirect gap, however.
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As is clear from the symmetric spectrum equation (2) the gap closes when there exist
momenta k for which E; (k) becomes zero. To determine those momenta it is beneficial to write
the exchange field in spherical coordinates, i.e. V. =V cos ¢ cos 8, V. = V sin ¢ cos 9, and

V.=V sin 8. If one exploits the fact that
(m, sin ¢ cos § — m, cos ¢ cos 8)2 + (m, cos ¢ cos § + m, sin ¢ cos 8)2
=(m} + m;) (1 - sin’9),

equation (2) can be written in the form

E'(k) = + {(m1 sin ¢ cos & — m, cos ¢ cos 8)2 + sin*9 (ml2 + mzz)+

2 172
+(V + \/m02 + my + (m, cos @ cos § + m, sin ¢ cos 8)2) } . (107)

This expression can become zero only, if all squared expressions below the square-root become
zero simultaneously. For V. # 0 this means m, = m, = 0 and V?> = m; + m;. For a given value
of V the gap will close only in a single pair of bands. From m, = m, = 0 it follows that k. = 0
or 7 and k, = 0 or z. The equation V? = m, + m; can then only be fulfilled for selected values
of k.. Thus the system will have single Fermi points, when a solution exists. For the special case
¥ = 0, i.e. when the exchange field lies within the xy-plane, there are just two equations to be
fulfilled, i.e. m, sin @ = m, cos ¢ and V> = m? + m? + (m, cos ¢ + m, sin )". In this case
the Fermi surface will be a line in momentum space.

To determine the ranges of the exchange field for which these solutions exist, we
determine the minimum and maximum value of m; + m,’. Let us set ¢ = cos k.. Then we have
to minimize the function

fl)y=[M 2B, =] +4A2(1 = ) (108)
in the interval ¢ € [—1, 1]. Here, we have set
M fork, =k, =0
M ={M - 4B, for (k)r =O0and k, = zr) or (kx =rand k, = 0)
M -8B, fork =k =
The function f{c) is quadratic in ¢, so there can only be a single extremum within ¢ € [—1, 1] or

the extremum will be on the boundaries ¢ = + 1. On the boundaries we have
fle=h=M? and f(c=-1)= (4B - M.

As we assume B, > M > 0 and B, > M > 0, we have f (c = —1) > f (c = 1). To determine a

possible extremum inside the interval ¢ € [—1, 1] we take the derivative of f(c) yielding

7 4M'B, - 8B} + (8B} — 84/ )c.

dc
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This becomes zero, if

_ _B(2B,-M)
C=Cu="7"7 "5 (109)
2(B} - A})
The second derivative of f(c) is
dzf‘ 2 2
E = 8 (Bl - Al )

As we assume B, > A, this is positive. We thus find that there exists a minimum inside the
interval ¢ € [—1, 1], if

Bl (231 - M/)
2(B} — A7)

which is equivalent to the condition
M'B, > 2A].
This condition can only be fulfilled for positive M’, i.e. only for k= k, = 0. Thus, in the case

MB, > 2A, the minimum for the exchange field can be found by introducing equation (109)
into equation (108). After some algebra one finds

A (4BM — M* — 4A7)
B —A] '

f (Cmin) =
Thus we find that the minimum critical value V, for the magnitude of the exchange field, which
is necessary to bring the system into the semimetallic phase, is given by
M for MB, < 2A;

V., = ABM — M* — 4A°} (110)
A |—————1 forMB, >2A’.
Bl _Al

In total we find the following three ranges for the magnitude of the exchange field, in which the
system  becomes  semimetallic: [V, 4B, — M|, [4B, — M, 4B, + 4B, — M|, and
[SB2 - M, 4B, + 8B, - M ] For B, > B, these ranges overlap, while for B, < B, they are
separate. As B, and B, are usually of the order of one to several eV, we do not expect that large
enough exchange fields can be applied in practice to actually observe these different ranges.
However, the minimum critical field V, which is of the order of M or less, is within

experimental reach.
The position of the Fermi points is found from the quadratic equation

V=71 (c). (111)

For V e [V 4B, - M ] the Fermi points sit on the k -axis (k, = k, = 0). Their positions are

cr?

given by

44



New J. Phys. 16 (2014) 033019 T Paananen et al

\/A12 (M> — 4 MB, + 4A7) + V* (B} — A?)
C]/2 = Cmin x 2 2 : (112)
2(B} — A7)

For the case MB, > 2A and V < M both solutions are within the interval ¢ € [—1, 1] and we
thus have a total of four Fermi points at the positions &k, ,, = + arccosc¢, and

k_y, = + arccos c,. In the other case MB, < 2A; only solution ¢, with the minus sign in
equation (112) is within [—1, 1] and we have just two Fermi points at k_, , = + arccos c,.
For the special case V, = 0 the minimum value of the exchange field to bring the system

into the semimetallic state remains the same. In this case the function
. 2
Vi=mi +m+ (ml cos ¢ + m, Sin (p)

has to be minimized. However, as the minimum of m; + m; occurs at k = k,=0 and
m, = m, = 0 there, the minimum of V remains the same value V. equation (110). Also, for
V > V_ the two (or four) points determined above still lie on the Fermi surface. However, as
pointed out above, the Fermi surface becomes a line (or two lines) now, which approximately
run within the plane perpendicular to the exchange field. (The precise condition is that the
vector (m,, m,)" = 24, (sin k., sin ky)T should be perpendicular to the exchange field (VX, V)))

Let us next look at model II. We again write the exchange field in spherical coordinates,
ie. V. =Vcosgpcosd, V. =Vsingcosd, and V. = V sin 3. This time equation (3) can be
written in the form ,

E"(k)=+ {(ml sin ¢ — m, cos go)2 + (m, cos @ sin § + m, sin @ sin & — m, cos 8)2+

2 172
+(V + \/m02 + (m, cos ¢ cos § + m, sin ¢ cos § + m, sin 8)2) } . (113)

This expression can become zero only, if all three squared expressions below the square-root
vanish simultaneously. This means that the system will have Fermi points, when a zero energy
solution exists. The first two expression become zero, if the vector (m,, m,, m,) is parallel to
(cos @ cos 3, sin @ cos 3, sin J), i.e. parallel to the exchange field. The third equation can then
be written as

Vi=m; +m' +m; +m;.
It is clear that the minimum critical value V_for the magnitude of the exchange field, which is
necessary to bring the system into the semimetallic phase fulfils V.. < M, because a zero energy
state can always be found for k, = k, = k., = 0 and V = M. A general expression for V, can in
principle be obtained analytically for exchange field in any direction. However, the expressions
become quite complicated. Therefore, here we focus on the two cases that the exchange field

points either in x-direction or in z-direction.
For exchange field in x-direction we have m, = m, = 0. The minimum can thus be found

on the k -axis by minimizing the function f{c) equation (108) with ¢ = cos k, and B, and A,
being replaced by B, and A,. Following the same calculation as for model I we then find for the
critical value V. in this case:
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M for MB, < 2A;

Vo, = ABM — M* — 4A? (114)
’ A, |l—— —2 for MB, > 24;.
Bz _Az

Analogously to model I, for V> V. we have either two or four Fermi points lying on the

cr,x

k -axis. Their positions are found from

\/A22 (M* — 4 MB, + 4A2) + V* (B} — A?)
2(B; — A7)

Ciip = Cpin T (115)
For exchange field in z-direction we have m, = m, = 0. The minimum can thus be found
on the k -axis by minimizing the same function f{c) equation (108) as for model I. We thus find

for the critical value V, _ in this case:
M for MB, < 2A;

Voro = 4BM — M* — 4A} ) (116)
A, > > for MB, > 2A;".
Bl - Al

From this expression we see that for model II in general the critical value V, depends on the
direction of the exchange field, in contrast to model I, where it was isotropic. The position of the
Fermi points in this case is given by equation (112) for V> V. Again, one sees that the

position of the Fermi points in model II varies with the direction of the exchange field, in
contrast to model I.

Appendix B

During the course of this work we repeatedly encounter the situation that the Hamiltonian can
be written in the following form:

H (k) = H,(k) + H' (k)

H (k) = f(KA+ gk B
where f (k) and g (k) are complex functions. A is a momentum independent operator that
commutes with H, (k), while B anticommutes with H, (k). We would like to determine the
eigenstates and eigenvalues of H (k) from the known eigenstates and eigenvalues of H, (k). Due
to the symmetries and the 4 X 4 structure for each momentum k H, (k) possesses at most two
degenerate states with energy E; (k) and two degenerate states with energy —E, (K).

Let|1) be an eigenstate of H, with energy E. Then A |1) will also be an eigenstate of H,

with energy E and B |1) will be an eigenstate of H, with energy —E. Thus,

Ally=Y"a 1)) (117)
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where the sum goes over all the eigenstates of H, with energy E, and

Bl1)= )b |n) (118)
where the sum goes over all the eigenstates of H, with energy —E. In total we have

HI)=fKY alj)+s® ) b |n). (119)

Thus, H' can only couple the eigenstates of H, with energies E and —E. This means that the
total Hamiltonian H in the basis of the eigenstates of H, is reduced to (at most) 4 X 4 blocks.
The problem of finding the eigenstates and eigenvalues of H (k) thus reduces to 4 X 4 matrices
within the +F spaces of H,.

In the cases discussed in this paper we are interested in surface states localized on a single
side of the system. We construct H,, in such a way that its surface states have zero energy. We
then have to diagonalize H' in the E = 0 subspace of H,. The eigenvalues and eigenstates of H'
in this subspace are then the surface states of H and their energies that we look for. As the
number of localized states at one surface of the system is equal to the number of localized states
at the oppsite surface due to parity symmetry, we are only left to solve a2 X 2 problem. So the
general procedure, which we take in this paper, is to first determine the zero energy eigenstates
of H, (if they exist) and then determine the eigenvalues and eigenstates of H' in this subspace.

Appendix C

In this appendix we derive an analytical condition for the existence of the two-dimensional flat
band based on the winding number

w(k,k,):ilm f dk, (det D(k))™'9, det D(k). (120)
* - 27[ - ) y

To evaluate this expression analytically it is useful to employ the residue theorem in the
following way [69]: for given k, and k, the quantity

y k) =detD (k) = mg + m’+m; +mj—V: =V} +2imV, - 2im,V, (121)
for k, € [~z n] defines a closed path in the complex plane. Therefore, by transforming
z = detD (k) the winding number can be expressed as the integral
w(ko k)= - Im 515 1.0, (122)
2w r <

where I (y, 0) 1s the winding number of the curve y around the origin. Thus, if the curve does
not enclose the origin, the winding number becomes zero and no zero energy surface state
exists. Now, the path y crosses the real axis, when Im detD (k) = 0. This happens when

V
m,\V, = m,V, &=  sink,= —sink, (123)

X

For a given k, this equation has two solutions k , and k , = 7 — k

1

if > sin k, € (=1, 1). The

path encloses the origin only, if these two crossings possess different sign of the real part, i.e.
the criterion for the existence of the flat band becomes
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0>y (ky ko k.) 7 (ko Ky k). (124)
The boundary of the flat band in k -k -space is then given by the criterion
0=y (kn k. k.) 7 (ks Ky k). (125)

Now, as on the Fermi surface we have detD (k) = 0, it follows that the boundary of the flat
band is just the projection of the (one dimensional) Fermi surface onto the k -k -plane.

In the general case, the analytical expression equation (124) becomes quite complicated.
However, the expression can be simplified in the case V.= 0, as then ky‘1 = (0 and ky‘2 = 7.

Then we have
vk, 0, k) =m, (k) + 4A; si’k, + 4A7 sin’k, — V?
v (ko 7 k) = [, (k) — 4B, + 4A2 sin’k, + 447 sin’k, — V? (126)

where 7ty (k) = M — 2B, (1 — cos k,) — 2B, (1 — cos k.). If we look at k, = k, = 0, we see that
y (0, 0,0) becomes negative, when IVI> M. y(0,r, 0) becomes negative, when
IVl > 4B, — M. As we assume B, > M here, y (0, z, 0) will change sign only at much larger
fields V. Therefore, a flat band will be present in the vicinity of k, =k =0 for
4B, - M > |Vl > M.
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