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In materials, certain approximated symmetry operations can exist in a lower-order approximation of the
effective model but are good enough to influence the physical responses of the system, and these approximated
symmetries were recently dubbed “quasisymmetries” [Nat. Phys. 18, 813 (2022)]. In this paper, we reveal a
hierarchy structure of the quasisymmetries and the corresponding nodal structures that they enforce via two
different approaches of the perturbation expansions for the effective model in the chiral crystal material CoSi.
In the first approach, we treat the spin-independent linear momentum (k) term as the zero-order Hamiltonian.
Its energy bands are fourfold degenerate due to an SU(2) x SU(2) quasisymmetry. We next consider both the
k-independent spin-orbit coupling (SOC) and full quadratic k terms as the perturbation terms and find that the
first-order perturbation leads to a model described by a self-commuting “stabilizer code” Hamiltonian with a
U(1) quasisymmetry that can protect nodal planes. In the second approach, we treat the SOC-free linear k term
and k-independent SOC term as the zero order. They exhibit an SU(2) quasisymmetry, which can be reduced to
U(1) quasisymmetry by a choice of quadratic terms. Correspondingly, a twofold degeneracy for all the bands due
to the SU(2) quasisymmetry is reduced to twofold nodal planes that are protected by the U(1) quasisymmetry.
For both approaches, including higher-order perturbation will break the U(1) quasisymmetry and induce a small
gap ~1meV for the nodal planes. These quasisymmetry protected near degeneracies play an essential role in

understanding recent quantum oscillation experiments in CoSi.

DOLI: 10.1103/PhysRevB.107.125145

I. INTRODUCTION

Symmetry describes the invariance of a system under cer-
tain operations and plays a fundamental role in almost all
branches of physics. In condensed matter physics, different
quantum states of matter and the phase transition between
them can be characterized via the principle of spontaneous
symmetry breaking, as formulated in the Landau-Ginzburg
theory [1]. For example, the crystallization of a solid breaks
continuous translation to discrete translation and the forma-
tion of ferromagnetism in a magnet breaks the full rotation
symmetry, even though the microscopic interaction in these
systems has full translation and rotation symmetries [2].

In the scenario of spontaneous symmetry breaking, the
high-symmetry states appear at a high-energy scale (or high
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temperature); when the energy scale is lowered, symmetry-
breaking states start appearing. However, the opposite sce-
nario also exists, and a high-symmetry state can emerge in
the low-energy sector of a system [3,4]. For example, the
Lorentz symmetry is accompanied by the emergence of the
two-dimensional Dirac equation as a low-energy effective
theory in graphene or at the surface of topological insula-
tors, although both systems are nonrelativistic [5-11]. The
existence of Dirac fermions and Lorentz symmetry leads to
several exotic physical properties of graphene and topological
insulators, making them appealing platforms to test quantum
relativistic phenomena in table-top experiments [12]. Besides
the space-time symmetry, emergent symmetries can also exist
for the internal degree of freedom. For example, due to the
spin and valley degrees, graphene has an additional SU(4)
symmetry, which leads to intriguing physical phenomena,
such as SU(4) quantum Hall ferromagnets [13-15].

Recently, we introduce the concept of “quasisymme-
try” to describe such emergent internal symmetry [16].
More precisely, we refer to quasisymmetry as a symmetry

©2023 American Physical Society
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FIG. 1. (a) One unit cell with four Co and Si atoms, and the Brillouin zone with high-symmetry points (I', R, X, M). (b) Shows the
quasisymmetry protected nodal planes. (c) Electronic band structure of CoSi along I' — R — M lines. The irreps of the energy states at high-
symmetry points are labeled. (d) The DFT bands along the (—0.0357, —0.0357, k,) direction and the inset shows the tiny gap ~0.4 meV.

operator that only exists in a lower-order approximation of
the effective Hamiltonian but is good enough to influence
the physical responses of the material. The crystalline sym-
metry of solid material without magnetic order, described
by 17 space groups in two dimensions (2D) and 230 space
groups in 3D [17], gives a strong constraint on the form of
the low-energy effective model (in the spirit of k - p type of
Hamiltonian) around high symmetry momenta in the Bril-
louin zone [18-22]. As a consequence, if one only keeps
lower-order k terms in the expansion, the effective Hamil-
tonian can generally possess additional symmetries, beyond
the crystalline symmetry itself. With keeping further powers
of k in the k - p expansion, these additional symmetries will
gradually be broken by the higher-order k terms or other
perturbations [e.g., spin-orbit coupling (SOC)], thus forming
a hierarchy structure of quasisymmetry groups.

This paper aims in revealing such a hierarchy structure
of quasisymmetries in the low-energy effective Hamiltonian
expansion for different orders of the momentum k for the
material compound CoSi with a chiral crystal structure (space
group No. 198). Recent experimental and theoretical work
[16] has shown that the quasisymmetry exists in this com-
pound and leads to the near-nodal-planes that are located at
non-high-symmetry momenta, which are essential in under-
standing the transport measurement of quantum oscillations
in CoSi. In this paper, we will systematically discuss two
approaches to constructing the effective Hamiltonian per-
turbatively for CoSi, and reveal the hierarchy structure of
quasisymmetries in different orders of the perturbation expan-
sion. As discussed in Fig. 2 (see below), our first approach
treats the SOC-free linear k term as the zero order, which
leads to a fourfold degeneracy protected by SU(2) x SU(2)

quasisymmetry. Then we consider both the k? terms and SOC
as the perturbation and project them into the subspace of these
fourfold degenerate bands. The resulting effective Hamilto-
nian shows a striking “self-commuting” feature that results
in a U(1) quasisymmetry for the protection of nodal planes in
non-high-symmetric momenta [Fig. 1(b), see below]. Our sec-
ond approach (Fig. 3, see below) treats both linear k term and
SOC as the zero-order Hamiltonian and shows all the bands
are doubly degenerate due to the orbital SU(2) quasisymme-
try. We then consider k> terms as a perturbation and classify
them into three different groups with each group selectively
breaking the SU(2) quasisymmetry into U(1) quasisymmetry
along a certain direction, which can also protect nodal planes.
In both approaches, the second-order perturbation can induce
a tiny gap (~1meV for CoSi). In this sense, we dubbed
these quasisymmetry protected nodal planes to be near-nodal
planes.

II. EFFECTIVE k - p MODEL FOR COSI

The crystal CoSi family crystallizes in a chiral cubic struc-
ture of space group (SG) P2;3 (No. 198) without a center of
inversion [23]. Its cubic lattice with the lattice constant ¢y =
4.433 A, as shown in Fig. 1(a), contains four Si atoms and
four Co atoms in one unit cell. The corresponding Brillouin
zone (BZ) is shown in Fig. 1(c), where high-symmetry points
including I', R, and M are marked. With the Seitz notation
for the nonsymmorphic symmetry operations, the three gen-
erators of SG 198 are S,, = {szl%%O}, Syy = {CMO%%}, and
C; = {C3,(111H|000}. The system has also time-reversal sym-
metry 7. With the density function theory (DFT) calculations,
we obtain the electronic band structure with SOC, as shown
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TABLE I. The parameters for the k - p Hamiltonian Hg.

Parameter C, B Ay C; G G Ao

Value -0.18 2.123 0.853 -0.042 0.546 3.345 0.0075
Unit eV eV xAZ eVxA eVxA? eV xA? eV xAZ eV

in Fig. 1(c) along the I' — R — M lines. Hole Fermi pockets
are found around I" while electron Fermi pockets exist around
R, kg = (r, m, w). Here we focus on the electronic bands
around R. For the SOC-free band structures, there are fourfold
degenerate states (without spin degeneracy) at the R point,
which disperse linearly around R and give rise to the electron
Fermi pockets. The corresponding single-valued irreducible
representation (irrep) is RjR3 based on the notations in the
Bilbao Crystallographic Server [24-26]. Taking into account
the spin degree of freedom, the eightfold degenerate states
at R are split by SOC into higher-energy sixfold degener-
ate states [27] (double-valued irrep R;R;) and lower-energy
twofold degenerate states (double-valued irrep RsR¢) with a
gap ~30 meV.

As described in Ref. [16] and Appendix A, the effective
model to describe the energy bands around R is constructed
based on the little group at R point generated by S, 2y, C3,
and 7. Up to k? order, the Hamiltonian contains three parts

Hrg =Hi + Hsoe + Ho, ey

where H| = Cy + 2A;5¢(k - L) includes a constant and linear
k term, and Hso = 240(s - L). Here we define the operators

1 1
L, = 50xTys L, = —50:Ty, )

L, = %ayro,
which satisfies the angular momentum commutation relation
[Li, L;] = ie;jxLy with Levi-Civita symbol €;; and i = x, y, z.
s represents the Pauli matrix in the spin space and both o, T
for the Pauli matrices in the orbital space. The basis for four
orbitals of the o, T matrices are mainly (>80%) composed
of the mixing between the #,, and e, orbitals of the four Co
atoms, as justified by the DFT calculations. And the detailed
forms of the wave functions are shown in Appendix .B

In addition, the k2 order effective Hamiltonian H, in
Eq. (1) shows an intriguing structure and can be grouped into
three classes,

Ho = Hom, + Hom, + Hooms, (3)
where H, g, = g - Ji for i=1,2,3. Here we define
g1 = (Gokcky, —Cskik:, Cikyks), (4a)
2 = (Gskeky, Cikik,, —Cokyk;), (4b)
g3 = (Cikiky, Cokik,, —C3kyk.). (4c)
and
Ji = (o, —0.74, 00 T2), (5a)
J2 = (047;, 0,72, 00 Tx), (5b)
J3 = (070, 0,70, 0, 7)). (5¢)

The parameters for CoSi are obtained by fitting with the
DFT bands [16] and listed in Table I. It should be noted
that all the bands at the k; = 7 planes (i = x, y, z) are doubly

degenerate as a consequence of the anti-unitary symmetries
SocT, S5, T, and S», T in these planes [16,28,29]. Further-
more, the DFT calculations show near-nodal planes with tiny
gaps ~0.5meV at non-high-symmetry momenta shown in
Fig. 1(d), and we next discuss how to apply the perturbation
theory to the model Hamiltonian # in Eq. (1) to understand
these near-nodal planes, as well as the underlying quasisym-
metries.

Below, we consider two approaches to understand the un-
derlying reason of nearly degenerate nodal planes.

III. APPROACH I: SELF-COMMUTING HAMILTONIAN

We now precisely formulate the hidden quasisymmetry
that may appear at low-energy in the physics of the model
Hamiltonian, and start with the linear k-order Hamiltonian,
SOC-free ‘H; in Eq. (1), which is invariant under the spin
SUs(2) symmetry group. Moreover, an additional hidden
SU,(2) symmetry also exists for /; in the orbital space, and
can be generated by the operators

i
M 25 = 3{s00yT;, 500y Tx, S000Ty} (6)

which all commute with H; and satisfy the commutation
relations [M;, M;] = i€; j M. Thus, we refer to it as
the SU,(2) quasisymmetry group for H;. As a result, the
SUs(2) x SU,(2) quasisymmetry group protects the four-
fold degeneracy for each band [EL (k) = £Ak + Cy] at any
nonzero k [see Fig. 2(a)]. Hereafter, we absorb the constant
energy Cy into Fermi energy Ef.

We now consider the perturbation from Hg,. and H,. With-
out loss of generality, we choose four degenerate bands with
positive energy [E;(k) = Aik] as the basis, {|V; ;;)} with
s =1, and i=1,2, and project Hg,. and H;, into this sub-
space. Shown in Appendix C, the projected four-band model
is given by

H (k) = By + HEVK) +HS k), (D)

where
Ey = Cy + Ak + B1k>, (8a)
HD (k) = Aok - 8)ep, (8b)

HED (k) = Chso(dy oy + dyxoy + doyw,),  (8¢)

with € = C; — C, + C3. Here wy is identity matrix and w;
(i = x,y, z) are the Pauli matrices for the two spinless bands.
The coefficients d;x depend on k, and the detailed forms
are given in Appendix C. Such perturbation process can be
well justified by satisfying both A1k > Ao and Ak > 4@(2,
which results in the valid momentum range 0.01 <k < 1
(A1), corresponding to a wide Fermi energy range 8.5 <
Er <« 850 (meV). Thus, the obtained effective model is rel-
evant for the realistic experimental situations (Er in CoSi is
180 meV). Strikingly, we notice that the two terms in this
effective Hamiltonian are self-commuting, namely,

[HED k), HS™ (k)] =0, ©9)

which implies that Hamiltonian (7) is a stabilizer code Hamil-
tonian [30-33]. The commutation relation in Eq. (9) can be
easily seen since HM(D (H;ﬁ(l)) contains an identity matrix
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Approach I
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FIG. 2. The summary of the hierarchy of quasisymmetry with the Approach I (self-commuting Hamiltonian). We plot the band splitting
along the non-high-symmetry direction within the spherical coordinate (8 = ¢ = 7 /3). The left panel shows the SU(2) x SU(2) quasisym-
metry protect the fourfold degeneracy. In the middle panel, all the bands split but there exists the U(1) quasisymmetry protecting the nodal
plane. The right panel shows a tiny gap appears once high-order perturbation corrections are involved.

in the w space (spin s space). The self-commuting property
implies the existence of a unitary symmetry operator Seg =
'l‘ﬁwo that commutes with the whole Hamiltonian H;ff(l) for
any momentum. Sesr describes an internal symmetry and can
be viewed as the generator of a U(1) group.

Due to the self-commuting nature, the eigenstate of the
Hamiltonian in Eq. (7) can be explicitly solved with its
eigenenergy given by

Eqp = Eo + aho + BV3CIkdyk:|/k, (10)

with «, B = £1, where « labels the eigenvalues of Se. We
notice that two eigenenergies £, _ and E_ | can be equal
when the condition

o = V/3C|kckyk|/k (11)

is satisfied. It determines nodal planes of the effective model
in Eq. (7) in the whole momentum space. Figure 2(b) shows
the U(1) quasisymmetry protected twofold degeneracy along a
non-high-symmetry line (§ = ¢ = 7 /3), where the spherical
coordinator (k, 6, ¢) is used with polar angle # and azimuthal
angle ¢. The Fermi sphere crosses the nodal planes to form
nodal rings at the Fermi energy, which can be extracted by
combining Er = E; _ with Eq. (11). Explicitly, the nodal
rings at a fixed Fermi energy Ef can be determined by

2423 [1+231EF 4 1+4BIEF:| (12)
V3CE} A? At T

where fy(0, ¢) = |sin2¢sin20sinf|. We notice that
Eq. (12) has solution only when Ep > Ey with

Ey = %(An/ V3Chg + 2By Ag). Tt coincides to the energy

In@, ) =

of Weyl point Ey ~ 114.4meV, smaller than Er in CoSi.
Thus, we expect the Fermi energy crosses the nodal plane
in a ring form for CoSi. Therefore, up to the first-order
perturbation, we obtain a hierarchy of quasisymmetry for
CoSi, represented by (Fig. 2)

(et Ha)

SUs(2) x SU4(2) — U(1), (13)
and the corresponding energy bands are split from fourfold
degeneracies at any momenta down to twofold degeneracies
that form nodal planes. Including further second-order per-
turbation corrections generate a tiny gap for the near-nodal
planes, as shown in Fig. 2(c). At Er = Ey, the near-nodal
rings at the Fermi energy shrink into nodal points, the Weyl
points, which are stable to any order and do not rely on
quasisymmetries.

The quasisymmetry Se is essential in protecting the gap-
less nature of the near-nodal planes in the four-band effective
model. To see that, we may consider a generic four-band
Hamiltonian commuting with Seg for any momenta, which can
only include the following terms

Hs = posowo + pil(k - s)ap]

+ ualso(f - @) + pslk - s)(g - @)]. (14)

Here o123 are all positive constants, f(k)=
(f1(k), f2(k), f3(k)) and g(k) = (g1(k), g2(k), g3(k)) are
two vectors of generic functions of k. Hg contains all the
terms in Eq. (7). The eigenenergies of Hgy are

Eq p(K) = po + a(uik) + Blud (k) + apskgk)l  (15)
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FIG. 3. The hierarchy of quasisymmetries by the Approach II. Here we plot the band splitting along a non-high-symmetry line with
0 = ¢ = /3. The left panel shows the band splitting of H; + H, is shown and each band is twofold degeneracy required by the SU,(2)
quasisymmetry. In the middle panel, all the bands split but there still exists a twofold degeneracy, which is protected by the U(1) quasisymmetry.
The right panel shows all the quasisymmetries are broken and a tiny gap appears.

with o, 8 = £. Generally, all the bands are nondegen-
erate at generic momenta k once f(k) and g(k) are
nonzero. Accidental degeneracy can occur when (1) u.f(k) =
auszkg(k) for E, + = E, _, which gives a nodal point, and
@) 201k — Y0y [af (k) + apuskg(k)] = 0 for Ey (k) =
E_ 1 (k), which defines plane solutions for the degenerate
subspace in 3D momentum space. In our model, the former
corresponds to the degeneracy at k = 0, while the latter gives
the nodal planes. It should be noted that a two-level degener-
acy usually requires three constraint equations (codimension
3), and thus only Weyl nodes are stable in 3D momentum
space [34,35]. The presence of quasisymmetry Ses reduces
the number of the constraint equation to 1 (codimension 1),
making the nodal planes stable. This can be viewed as a gen-
eralization of the Wigner-Von Neumann codimension theory.

IV. APPROACH II

In our second approach, H; + Hso is treated as the zeroth-
order Hamiltonian and H; as the perturbation. For H; + Hoc,
we find that the spin SUg(2) symmetry is broken by SOC
while the orbital SU,(2) symmetry generated by M, 3 re-
mains. The existence of SU,(2) is due to the fact that spin
s as a pseudo-vector behaves exactly the same as a vector
due to the lack of inversion, mirror, etc., in chiral crystals,
so Hsoc can be obtained by replacing k by s in H;. The
corresponding energy bands are given by E;| 1 (k) = +A 1k +
Ao and Ep 1 (k) = :l:\/A%k2 + 4)% — Ao, and each band has
twofold degeneracy, as required by SU,(2). The SOC-induced
splitting between the E;| 1 (k) and E, 4 (k) is 2X¢ for a large
momentum k, which is depicted along the non-high-symmetry
line (8 = ¢ = m/3) in Fig. 3(a).

Generally, the k> terms of #H, break the SU,(2) qua-
sisymmetry and lead to the splitting of all bands. One
can show [J;, M;] =0 and {J;, M;} =0 for i # j, so that
[H2.m,, M;i] = 0. Without loss of generality, we can pick up
one term, say H a1,, which commutes with M3 but anticom-
mutes with M and M,. We show such choice of specific k?
terms are general in Appendix D. As a result, the term H, g,
breaks the SU,(2) quasisymmetry group down into a Uy(1)
group generated by M3. Thus, the twofold degenerate bands
E; +(k) and E, 1 (k) are split by H, a4,, as shown in Fig. 3(b).
The new eigenstates |E; o g(k)) withi =1, 2 are the common
eigenstates of 1 + Hgoc + Ha, M, and Ms,

Evap = Eo +a/ fie +284:Chidek. + Ao,

(16)
EZ,a,ﬂ = E() —|— O[\/sz —|— ZﬂAlékxkykZ —|— 4)\% — A.O,

where o, 8 ==, Ey=Bik*> and f. = A2* + C2k2Kk2 +

Xy

C3kZk? + C3kk?. The index B labels the eigenvalues of the
Ms operators (see details in Appendix D). When the splitting
2A1Ckykyk, [/ fiz by Ha a, reaches the SOC-induced split-

ting 21, the condition
Eiy (K)=Ey i (k) Vk € k. >0 (17)

is satisfied and leads to the band crossings that form nodal
planes. Since H,, 4, increases with k> while the SOC-induced
splitting 2} is independent of k, the condition (17) can
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always be satisfied at large enough k. As the two bands that
form the nodal planes possess the opposite 8 values (M3
parities), we expect the nodal planes are protected by qua-
sisymmetry. Turning on all the remaining k> terms break the
U(1) quasisymmetry and generates a tiny gap of nodal planes,
as shown in Fig. 3(c). The hierarchy structure of quasisymme-
tries for the Approach II is summarized in Fig. 3 as

7_£SOC HZ'MI

SU(2) x SU4(2) =——— SU,(2) — U,(1). (18)

V. CONCLUSIONS AND OUTLOOKS

In this paper, we describe two different perturbation ap-
proaches to reveal the hierarchy structure of quasisymmetry
and near-degeneracy in electronic band structures of chiral
crystal materials CoSi. Both approaches describe the physical
consequence of near-nodal planes and thus are physically
equivalent. The Approach I reveals a self-commuting Hamil-
tonian in the first-order perturbation, while the Approach II
treats both the SOC and linear k term as the zeroth order.
We anticipate such a hierarchy structure of quasisymmetry
in the context of k-p expansion of the effective models
can generally appear in 230 space groups [20,21], which
will be left for the future work. The hierarchy structure of
quasisymmetry also provides a natural starting point to dis-
cuss physical phenomena in different energy scales of the
effective models. For example, in CoSi, the smallest energy
scale ~1 meV of the gap for near-nodal planes will easily be
overcome by perturbations, e.g., disorder, and thus not be felt
by electrons that take the cyclotron motion under magnetic
fields, which is crucial in understanding the nearly angle-
independent quantum oscillation spectrum in CoSi [16], as
well as other experiments [28,36-39]. It is worth to note that
the isostructural compounds PtGa [40-42], PdAl [43], PdGa
[44,45], and RhSi [46,47] share the similar electronic band
structure. Therefore, quasisymmetry is also expected to play
a major role in understanding their physical properties, which
require further experimental and theoretical attentions.
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APPENDIX A: THE EFFECTIVE k - p HAMILTONIAN
AROUND THE R POINT

In this paper, we mainly focus on the electronic bands
of cobalt silicide (CoSi) around the R point kg = (7, 7, )
[band structure is shown in Fig. 1 in the main text], specif-
ically, the four electron-type Fermi surfaces (FSs) around
the Fermi energy. To understand the low-energy physics, we
construct the effective Hamiltonian. For this purpose, in this
Appendix, we first discuss the space group 198 and its sym-
metry operators’ matrix representations at the R point. Then,
we use the k - p theory to construct the effective model with
the parameters fitting to the DFT bands.

Figure 4(a) summarizes the general routines to construct
the effective models with/without spin degree of freedom.
First, we obtain the spin-orbit coupling (SOC)-free four-band
spinless model. Secondly, the spin degree of freedom is taken
into account by considering the on-site atomic SOC, resulting
a eight-band spinful model. This is valid when SOC is rela-
tively weak. Based on this eight-band model, we then discuss
the emergent internal quasisymmetries and the corresponding
hierarchy structure by using two approaches (discussed in the
main text), illustrated in Fig. 4(b). The details of the Approach
I will be discussed in Appendix C, and the details of the
second approach will be discussed in Appendix D.

1. The Crystalline space group no. 198 and representations

As described in the main text, the CoSi crystallizes in a
chiral cubic structure of space group (SG) P2,3 (No. 198)
without a center of inversion. Its lattice structure with lattice
constant a, = a, = a, = 4.433 A, containing four Si atoms
and four Co atoms in one unit cell. The corresponding Bril-
louin zone (BZ) is also cubic. The SG 198 has 12 symmetry
operations in addition to the translation subgroup. The three
generators of SG 198 are: one threefold rotation symmetry
along the (111) axis and two twofold screw rotation sym-
metries along the x and y axis. Hereafter, the Seitz notation
is taken for the nonsymmorphic symmetry operations, i.e., a
point group operation O followed by a translation v = v;t;, la-
beled as O = {O|v} or O = {O|vyvav3), with t; (i = 1,2, 3)
representing three basis vectors for a Bravais lattice in three
dimensions. The rules for multiplication and inversion are
defined as

{O2[v2{O1|v1} = {O204|v2 + Oavi},
Oy~ =07 - 07w} (A

In addition to the translation operator E, = {E|v}, the three
symmetry generators of SG 198 are

Soe = {Cac|330}, S5 ={Cyy[031). G5 = {C5,111)|000},

(A2)
defined by Sy : (x,y,2) > (x+ %, v+ % —z), Sy
.y, —> (—xy+3,—z+3%), and G:(yz)—
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(a) The effective R-model

-

| Spinless fermions

Spinful fermions

Spinful fermions

Without SOC .|  Withoutsoc 59 With SOC
4-fold degeneracy 8-fold degeneracy 6-fold & 2-fold
at R point at R point at R point

(b) The perturbative models with quasi-symmetry

4-band P-model

(" Approachl SU(2)xSU(2) - U(1)
Spinful fermions Hgff(l) = (Hyoc + Hyp,
With SOC -
8-band R-model =
Hgp = H; + Hgoc + Hy
Hy = Hy p, + Hym, + Ha g 8-band R’-model
\, Approach Il Su(2) - U(1)

Hg, = Hy + Hgoc + HZ,M3

FIG. 4. A brief summary of model analysis for the hierarchy of quasisymmetry groups. (a) Shows the schematic process to construct the
eight-band k - p effective Hamiltonian, labeled as R model. At R point, a four-dimensional single-valued irreducible representation (Irrep) is our
starting point, specifically, the basis for the four-band spinless model. With the electron’s spin degeneracy, it becomes a eightfold degeneracy,
which is split into a sixfold degeneracy and a twofold degeneracy by the on-site atomic SOC. (b) Shows the two approaches used in the
main text to identify the quasisymmetry with the perturbation theory. In the “Approach I”’, we use first-order perturbation theory to project the
effective low-energy four-band P model, and find the hierarchy of quasisymmetry from SU(2) x SU(2) down to U(1). In the “Approach II”,
we add specially selected terms of the k>-order Hamiltonian into the H; + Ho. to identify the hierarchy of quasisymmetry from SU(2) down

to U(1).

(3, z,x). Thus, one can check that S, = {CM%O%} can
be given by the combination of S, and S5y,

S2:S2y = {E|001}S2, £ Eg)iSa;- (A3)
In addition, the threefold rotation can also be along (117),
(111), and (111) axis. Therefore, the lattice of CoSi has three
twofold and four threefold rotation or screw axes.

Next, we use the commutation relations of the symme-
try group generators to directly construct the corresponding
matrix representations. Alternatively, they can be found on
the on the notations in the Bilbao Crystallographic Server
[24-26]. The band calculation based on the density-functional
theory (DFT) without SOC shows that all states are fourfold
degenerate at R point, which should belong to one 4D irre-
ducible representation (Irrep). As mentioned in the main text,
the 4D Irrep for the fourfold degenerate states close to the
Fermi energy can be denoted as the single-valued Irrep R|R3
on the Bilbao [24-26]. Below, we discuss how this 4D Irrep
can be established by considering the twofold screw rotations
Sa¢, Say, and time reversal (TR) symmetry 7. At R point,
we have

S%x = S%v = -1, SZXS2y = _SZySZX,

[S2x, TT =152, T1=0. (A4)

Without loss of generality, for the spinless fermions, the TR
symmetry operator can be chosen as 7 = K. Based on the
above commutation relations, we construct the matrix repre-
sentations denoted as G 3 for the twofold screw rotations
S»¢, 82y, and the threefold rotation C3, respectively. Let us
choose W as the eigenstate of G; with eigenvalue X, and the
eigenvalues for different states at the R point constructed from
W are given in the following table.

' GV TV
Gy A —A

G, TV
—Af=A

A= —A

With G} = —1, A is a purely imaginary number. By using
(G,T)? = —1, G,T is an anti-unitary symmetry operator,
leading to the Kramer’s degeneracy, namely, (¥ |G, 7 W) = 0.
This leads to two orthogonal states: W and G,7TV. We now
apply G, on these two states to generate the other two states,
G,V and TW, which are also eigenstates of G; with the
eigenvalue —A. The G,-generated states have opposite G-
eigenvalues compared with that of W or G,7 V. Therefore,
G, W and TV are orthogonal to ¥ and G, 7 WV, so

(W|GLW) = (V|TV) = (G, TY|G V) = (G T¥[TVY) =0.
(AS5)
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Therefore, the fourfold degeneracy is formed by the four
eigenstates at R,

(V, GV, TV, G, TV}, (A6)

In principle, a general basis of this 4D Irrep at R point can be
presented as

(W), (W), [W3), [Wa)}T, (AT)

which serves as the basis for the effective SOC-free four-band
k - p Hamiltonian denoted as Hyo-socr (K). Hereafter, k is the
relative momentum to R point. In this work, we construct it
up to k> order. Without loss of generality, we assume |W;)
with i = 1,2, 3,4 are all real so that the representation for
TR symmetry in this basis is given by

T = LixaK, (A8)

where Iy, is the 4-by-4 identity matrix and K is the complex
conjugate.

Next, we construct the matrix representations denoted as
G1, Gy, G3 (4-by-4 matrices) for the twofold screw rotations
8>y, 82y, and the threefold rotation Cs, respectively. For the
spinless case, their commutation relations are summarized as

G =1,
G;'G\Gs = G,

Gl =Gi=-1, GG,=-GG,
G;'G,Gs = -GGy, (A9)

because of [T, Gi]=[T,G:] =0, we have G; = G} and
G, = G}. Moreover, G; = G5 = —1, and then both G; and
G, are antisymmetric matrices, G|, = —sz. Thus, Gy, G,
can only be chosen from the following matrix set:

(A10)

{ioy 10, i0y Ty, i0yT;, 00Ty, 10, Ty, 0T},

where both o, , ; and 7, , . represent the Pauli matrices, and oy,
79 are two-by-two identity matrices. Considering {G;, G»} =
—1, one can choose the representations as

G] = iO'yTO and G2 = iaxry. (All)
Similarly, we now discuss how to construct G3. According
to the Bilbao [24-26], there are two 4D single-valued Irreps:
RR; and R, R, of the little group at R point. It also shows the
trace of Gj for the R R;-Irrep (RyR,-Irrep) is 1 (—2). Accord-
ing to the DFT calculation without SOC (see the Appendix B
below), we find that the four states at R point of CoSi near the
Fermi energy are belonging to the R R3-Irrep, because of

TrI[Ci] =14 1 4 € 470 =1, (A12)
where wg = 27 /3, since we numerically check that these
four states carry angular momentum 0, 0, 1, —1 of C;. To
further satisfy both Tr[C3;] = 1 and the commutation relations

TABLE II. The classification of the Pauli matrices under the
space group symmetry operators and time-reversal symmetry.

OuTy Sy =ioyrg Sy =ioty, T =K GCsinEq.(A13)
0pTo + + + o0pTo
00Ty, 00T + - + —0,To, 0,7,
oo Ty + + - —0,T,
0xTo — + + Oy Ty
OxTy, OxT; - - + —00Tx, —O0yTy
O‘x""y - + - —O‘Z‘[y
0y T + - - OxTy
Oy Ty, Oy T + + — —0Ty, Oy Ty
OyTy + - + 0, Tx
070 - - + 007,
0Ty, 0;T; - + + —0xT;, 0; T
0Ty - - - —0y70
in Eq. (A9), we can choose
1 0 0 0
O 0 -1 0
G; = Al3
“lo o o 1 (AL3)
0o -1 0 O

Please note that the choice of G3 is not unique in the sym-
metry construction, while different choices of representation
matrices just correspond to unitary transformation between
different basis. For instance, the representation matrices
G1, Gy, G, and T are different form those on the Bilbao. This
matrix chosen here is simple enough to make the construction
of the effective k - p Hamiltonian become simper. Besides, in
the Supplemental Material [48] [see Appendix A], we try to
construct the basis made of the five 3d orbitals of the four
Co atoms for the 4D Irrep R R3. And the orbital basis can be
explicitly shown by comparing to the Wannier functions from
the DFT calculations.

2. The spin-independent effective four-band R model

In this section, we construct the spin-independent four-
band k - p model Hamiltonian denoted as Hyo-socr(K) by
using the matrix representations Gy, G, G3, and TR sym-
metry 7 of the RiRs-Irrep. The general 4-by-4 SOC-free
Hamiltonian Hpo-soc r (K) is give by

Haosock(K) = Y Iy (K)o, Ty, (Al14)

“y

which should be invariant with any symmetry operators g €
{S2c, 82y, C3, T} at the R point. Here k is the momentum
with reference to kg = (7, 7, 7). Therefore, the Hamiltonian
should satisfy

AT (@) Hno-socr (SK)A(g) = H(K),

where A(g) is the matrix representation for symmetry g,
specifically, Gy, G2, G3, and T . The classification of matrices
(0,7, with u,v =0, x,y,z) and momentums (k;, k;k; with
i, j = x, Yy, z) are summarized in Table II and Table III, respec-
tively, from which the 4-by-4 Hamiltonian to the leading order

(A15)
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TABLE III. The momentums and spin operators under the space
group symmetry operators and time-reversal symmetry.

Momentums CQX Czy T C3,(111)
kx + - - ky
k, + - k.
kz. - - - kx
k7, ky, k2 + + + k2, k2, k2
koky - - + kyk.
kik, - + + kyk,
kyk. + - + Kk,
Sy + - — Sy
Sy - + - Sz
S; - - - Sy
becomes

H] (k) = C()U()'L'o +A] (kxO'y‘L'() + kyUXTy - kzo—zfy)' (Alé)

The sign of A; is related to chirality of the crystal, which
is chosen to be positive in this paper. Moreover, we notice
that the spin-independent Hamiltonian (k) in Eq. (A16) is
isotropic with the full rotation symmetry. To see that, we could
define the emergent angular momentum operators as

L = (A17)

1
—50,Ty,

=1
2% 2

which satisfies the commutation relation [L;, L;] = i€;jiLy

with Levi-Civita symbol €;jx and i = x, y, z. Therefore, H; (k)
can be rewritten as

Hi(k) = Cyopto +2A;(k - ). (A18)

It is the linear k Hamiltonian presented in the main text [below
Eq. (1)]. In addition, by similar symmetry analysis, the k>-
order effective Hamiltonian is given by

Ha(k) = By (k; +k; + k)
+ Ci(keky0,0 + k00T, + kik0,7.)
+ CZ(kxkyUxTx - kykzaofx + kok,0.70)

which can be reorganized into a compact way as presented
in the main text, by noticing that the k’-order effective
Hamiltonian H, shows an intriguing structure and can be
grouped into three classes,

Ha(k) = Ha m, (K) + Hop, (K) + Hoag, (K),

where

(A20)

Ho,m, (K) = gi(K) - Ji,

for i = 1, 2, 3. Here we define the parameter-momentum
vectors

(A21)

g1 (k) = (Gkky, —Cskik,, Cikyk,), (A22a)
2(k) = (Gskyky, Cikik,, —Cokyk,), (A22b)
g3(k) = (Cikky, Crkok,, —C3kyk,). (A22¢)
And the operator vectors are
Ji = (047, —0;7y, 00T;), (A23a)
J2» = (0y1;, 0,7, 00 Ty), (A23b)
J3 = (0:70, 0,70, 0, 7)). (A23¢)

The meaning of the subscript M; is to be the role of
quasisymmetry operators, which has been explained in the
main text and will be also discussed later in Appendix C with
details.

Combining Eq. (A16) and Eq. (A19), we finally get the
effective 4-by-4 SOC-free Hamiltonian up to k? order,

Hno—soc,R(k) = Hl(k) + HZ(k)v

which is called the SOC-free R-model Hamiltonian for short
in the following discussions.

Moreover, we notice that the linear X Hamiltonian (k)
in Eq. (A18) has a full rotational symmetry. This rotation
is a combined rotation in both k space and orbital space
simultaneously. To show that, without loss of generality, we
can first define a rotation in the momentum space to make

RO, ¢)(ky, ky, k)T = k(0,0, 1)7, (A25)

(A24)

where k = k(sin 0 cos ¢, sin 0 sin ¢, cos 6), and the rotation in

+ C3(kekyou T — kykeoyTy — kikooeT),  (A19)  the momentum space is
|
cos@ 0 —sin@ cos ¢ sing 0 cosfcos¢p cosfsing —sinb
R, ¢) éRy(—Q)RZ(—q)) = 0 1 0 —sing cos¢p O = —sin¢ cos ¢ 0
sinf 0 cosf 0 0 1 sinfcos¢ sinfsing  cosf
(A26)
To keep k - L invariant under rotations, we then define the associated rotation for the orbital subspace,
cos (%) cos (%) cos (%) sin (%) sin (%) sin (”—2’) —sin (%) cos (%)
R0 o2 et _ | B3] s@Ges(s) sn(@es() @) |
—sin(4)sin($) —sin(§)cos (%) cos(§)cos(%) —cos(%)sin(%)
sin (£)cos (4 —sin(2)sin (%) cos ()sin () cos (%) cos (9)
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Since Kk is rotated to the z axis, we only need to compute the L,(60, ¢) after the rotation,

0
» 1 —icos(0)
L:(0.9) =RO.pLR (0. ¢) = 2 i sin(0) cos(¢)
i sin(0) sin(¢)

= [sin(f) cos(¢)L, + sin(@) sin(¢)L, + cos(0)L.],

=L .

Here 7 = % is the direction of k. Therefore, the linear
k Hamiltonian becomes H;(k, 0, ¢) = Cy + 2A1kL,(0, ¢),
which indicates the invariant of this Hamiltonian under the
combined rotation R(6,¢) in the momentum space and
R0, ¢) in the orbital space keeps. Note that the helicity
operator for low-energy Dirac fermions in spin-momentum
coupled crystals is defined as PP =S -jix with S the spin
matrix. For Hamiltonian that commutes with PE, such as,
‘H ~ S - k, whose eigenstates at fixed k can be labeled by the
eigenvalues p = +1/2 of PE, (S -k)|p) = pk|p), and these
two states | £ 1/2) represent left-handed or right-handed
states. Following this spirit, we define a similar helicity opera-
tor Py = L - jix to reveal the angular momentum polarization
along the moving direction in the absence of spin-orbit cou-
pling. Thus, we obtain

Hik, 0, $)|£3) = (Co £ A1k)|£1). (A29)

Here, :i:% are the eigenvalues of 7)]%. Each state has fourfold
degeneracy if spin degeneracy is accounted. And, the explicit
form of the eigen wavefunctions will be given in Appendix C.

3. The spinful eight-band R model with spin-orbit coupling

In this section, we further take spin degree of freedom
into account and derive the effective 8-by-8 Hamiltonian with
SOC. With the spin degree of freedom {1, |}, the spinful basis
becomes

(1W14), [W24), [Ws0), [Wa )}
S{IW1), 192,), [Ws,y), [Wa )} (A30)

where |V;,) = |¥;) ® |o) with i=1,2,3,4 and 0 =1, |.
Thus, the spinful R model consists of two parts,
Hr(K) = 50 @ Hno-soc,R (K) + Hsoc,

where the spin-independent part Hposocr(k) is given by
Eq. (A24) and H, represents the k-independent SOC Hamil-
tonian. Here o is also constructed from the symmetry
principle, and is in a similar form as #;(k). To show that,
we need to consider the full rotation operators acting in both
spin and orbital spaces,

(A31)

Sox = (isy) ® (ioy10), (A32)

S5y = (is,) ® (i0y ), (A33)
1 0 0 0

Gy = ¢ TAGH ) g 8 g _01 (1) L (A%
0 -1 0 0

icos(h) —isin(@)cos(¢p) —isin(@)sin(¢p)

N 0 . isin(0) sin(¢) —i sm.(G) cos(¢) . (A28a)

—isin(0) sin(¢) 0 —icos(0)

isin(0) cos(¢) icos(0) 0
(A28b)
(A28¢)
[

T = (isy) ® opTok. (A35)

We use sy, to be the Pauli matrices acting on the spin sub-
space, which obey
C3 : (s)m Syv Sz) - (Syv sZ? Sx)v (A36)
which is the same as the transformation as momentum
(ky, ky, k;) under Cs. It is because the material CoSi is a chiral
crystal, so that the electron spin (pseudovector) behaves the
same as the k vector (see their classifications in Table. III).
Therefore, the lowest-order SOC Hamiltonian reads
Hsoe = Mo(5x0yTo + 8,0, T, — 5,0.T,) = 4Ao(S - L), (A37)
which is obtained by just replacing (ky, ky, k;) by (s, sy, 52).
Here we take the notation: the spin operators S = %(sx, Sy, 87)
and the angular momentum operators L given by Eq. (A17).

The SU(2) algebra for the angular momentum operators is
represented as

[Si, §;1 = i€;jiSk,
[Li, L;] = i€;jiLy.

(A38a)
(A38b)

Moreover, in the next Appendix B, we will use two ap-
proaches for the justification of the above SOC Hamiltonian.

In addition to the on-site SOC in Eq. (A37), the linear k
SOC Hamiltonian generally reads

Hi,soc(K) = Ay (kysy + kysy + kzs:) ® 0070
+ Ao (kyeSyo, Ty — kyS.00Ty + k;5,0,T0)
+ A3(ky$y0, Ty — k Sy00T, 4 kS0, T0)
+ Ag(kysy0,T, — kys 0,7, — k;5,0,7Ty)
+ As(kys o, T, — k;8,0,T, — ky5,0,7Ty)
+ Ag(kysyo,To + kys,00T; + k;5.0,T;)

+ A(kysco,To + k8,007, + kis0,T;).  (A39)

Combining the SOC-free R model in Eq. (A24) with the SOC
Hamiltonians in Eq. (A37) and Eq. (A39), we finally get the
effective eight-band k - p Hamiltonian with SOC as

Hr(k) = so ® [Hi(K) + Ha(K)] + Hoc + Hi,soc(K),
(A40)

which is called the eight-band R model with SOC for short
in the following discussions. The basis for the R model is
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made of the five d orbitals of the four Co atoms, whose details
are shown in Appendix B. Since the SOC is relatively weak
in CoSi, the linear k SOC terms are neglected in the main
text. Nevertheless, their influence on the quasinodal planes
will be addressed in the Supplemental Material [48] [see Ap-
pendix C].

4. The sixfold degenerate states at R point for spin-1/2 fermions

Next we briefly discuss the energy level splitting of the R
model in Eq. (A40) at R point (i.e., k = 0) due to the presence
of the on-site SOC Hamiltonian Hgo.. Solving Hg(k = 0)
gives rise to a sixfold degeneracy (energy Ag) and a twofold
degeneracy (energy —3X¢). The DFT calculation also implies
that Ay > 0, so that the sixfold degenerate states have higher
energy than the twofold states. And the sixfold is the double-
valued R¢R; irrep while the twofold is the R5R¢ irrep based on
the irrep notations on the Bilbao [24-26]. Here we analytically
solve the on-site SOC Hamiltonian. To do that, we first apply
a unitary transformation

v=swsas (). (A41)
which transforms 7, into a block diagonal form
. H(0) 0
"= A42
UHioclU ( 0 (O)), (A42)

where the subscript & labels the eigenvalues of 7, and two
blocks are given by

M4 (0) = Co + Ao(s:0y + 5,0y — 5.0,) = Co + Ao(s - 0”),
(A43)

H_(0) = Cp + Ao(sx0y — $y0x + 5:0;) = Co + Ao(s - o),
(A44)

where ¢’ and o¢” are defined as (oy, 0y, —0;) and
(oy, —0y, 0;), respectively. In fact, these two blocks, H (0)
and H_(0), are related by TR symmetry. To show it, please
notice that the TR symmetry is presented as 7 = is,0070K in
the original basis. After the unitary transformation, it becomes
Ty = isy0oT, K.

We take H,(0) as an example, where ¢’ can be treated
as pseudo-spin, so it preserves J = %s + %a/. Therefore, the
addition of two spin-1/2 naturally leads to one singlet state
and three degenerate triplet states as % ® % =16 0. By using
the identity

(s-0) =23 = (35)" = (1) =2((/+ D= x3 x 2),
(A45)
J

where j = 0 for singlet state and j = 1 for triplet states, we
can solve the eigenenergies as E; = Cy — 34 for the sin-
glet state and E;, = Cy + Ao for the threefold triplet states.
Similarly, the H_(0) block also has one singlet state with
energy E; = Cy — 3A¢ and three triplet state with energy E;, =
Co + Xo. Therefore, the on-site SOC Hamiltonian splits the
eight states at R point into a sixfold degeneracy and another
twofold degeneracy.

Alternatively, the sixfold degeneracy can be viewed from
the spin-1 excitation with its time-reversal (TR)-related
partner. And we examine the sixfold degenerate states by sym-
metry arguments [27]. At the R point, we have the following
commutation relations for spin-1/2 fermions:

Gl=-1. G=G=1 GG=GG

G;'GiGs =Gy, G;'GyGs = GGy, (A46)

which provides the sufficient condition for a 3D Irrep at the R
point. With G| ¥ = AW and G, ¥ = A, ¥, we have

G1(GVY) = 1 (G3Y), Ga(G3W) = A1 22(G3 V),

GI(GAW) = M (GIW),  GH(GAW) = A1(G3W).  (A47)

If either Ay # 1 or A £ 1, ¥, G3 ¥, and G%\IJ all carry differ-
ent eigenvalues under G and G;. Thus, it can lead to the basis
for a 3D Irrep represented by {¥, G3W, G%\Il}, as proved in
Ref. [27]. Next, let us discuss the effect of TR symmetry for
the spin-1/2 system, and consider the eigenvalues of the states
TW;. Because [T, G1] = [T, G2] = 0 and the eigenvalues of
G and G, are real, 7, has the same eigenvalues of G| and
G, as V; with ¥; € {V¥, G5V, G%‘l’}. So, all these six basis
functions are orthogonal with each other

(¥, G3¥, GIV} @ (T, Gy TV, G3T W), (A48)

which generally forms the sixfold degeneracy [27].

APPENDIX B: THE JUSTIFICATION OF THE SOC
HAMILTONIAN AND THE 34-ORBITAL
BASIS OF THE R MODEL

In this section, we justify the on-site SOC Hamiltonian
obtained by the symmetry argument [see Eq. (A37)]. Based
on the full tight-binding (TB) model based on the Wannier
function method [49], we can obtain the exact wave functions
and thus provide the 3d-orbital basis of the R model.

First of all, we discuss the four spinless degenerate wave
functions (i.e., Ry R3-Irrep) via a full TB model without SOC
based on the Wannier function method from the DFT calcu-
lations. The model Hamiltonian (a 52-by-52 matrix) includes
four Co atoms (4s, 4p, 3d orbitals) and four Si atoms (3s, 3p
orbitals) in one unit cell. In each simple cubic unit cell, these
Co and Si atoms are located at

Reo, = (0.14,0.14,0.14), Reo, = (—0.14, —0.36, 0.36),

Rco, = (—0.36,0.36, —0.14), Rc,, = (0.36, —0.14, —0.36),

Rsi, = (—0.157, —0.157, —=0.157), Rg;, = (0.157,0.343, —0.343),

Rg;, = (0.343, —0.343,0.157), Rg;, = (—0.343,0.157, 0.343), (B1)
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which are in the unit of the lattice constant ay = 4.45 A. The atomic orbitals of the full TB model are
TB — Coy,4s> PCoy,4s5 PCosz,455 PCoqy,4s5 PCoy,4pys PCoy,4p.» PCoy,4ps PCoyr,4pys PCos,4p,s PCoy,4p, s PCosz,4pys
v é o o7 o ®Coy 4p,> P o ®Cos.4p,> P o @Cos.4p,
Cos,4p. s PCosz,4p,» PCoy,4pys PCos,4p,s PCoy,4p,» PCo;,3dyy» PCoy,3dy; s PCoy,3dy 2, s PCoy,3d;» PCoi,3d o2
é o) ) v P é ) ¢ s P 2 P o] o
B0y 3dyy» PCor 3y > PC0L3dy 2, > PCOL3dy» PCO23d a2 s PCO3 3y PCO3 3dye» P03 3y 2, » PCo3.3dlcs
C03,3d 2.2 C04,3dxva CO4,3dvz’ CO4,3d 2.4 C04,3dxza CO4,3d 2.2 Si1,3sv Si2$3S7 Si3$3S7 Si4,3S7
é 220 ® ¢ s P 2P o] 0 20 P o o o

BSiv ap, Piv . PSiv . PSin.dp, » BSin,dp. s Pz dps s PSiz.ap, » PSiz.ap. » PSiz.ape> PSia.ap, » PSia,dp. > PSiv.p, |- (B2)

Here s, p, d are the real atomic orbitals. In the atomic orbital basis, we now discuss the crystal symmetries at R point. For
instance, the spinless symmetry operator Cs is constructed as

G =[Ccol ®[C3.00 ® G5 ] B [C5,00 ® C3,4] B [C5i] D [Cr51 @ C3p], (B3)
where
0 1 0 0 0
1 0 0 O 01 0 0 0 0 1 0
0O 0 0 1 1 V3
Go=GCGsi=|g 1 o ol Gr=10 0 1[]. Ga=]0 0 -3 0 ¥ (B4)
0 0 1 0 10 0 1 0 0 0 0
00 ¥ o -!
Similarly, at R point, the symmetry operator S,, is represented by
S2x = [Cax,co] @ [Cox,co ® Cox,p] @ [Cox,co ® Cox,a] ® [Coxsi] @ [Coxsi ® Cox,pls (B5)
where
-1 0 O 0 0
O 1 0 o0 0O 1.0 0 0
Coco=Cusi=| 4 o o ol Cup=|0 -1 0], Cxy=| 0 0 1 0 O (B6)
0 1 0 0 0 0 1 0 0O 0 -1 O
0 0 O 0 1

1. Atomic d-orbital basis: The complex wavefunctions for the single-valued R;R; Irrep

We then numerically solve the full SOC-free 52 x 52 TB model for the wavefunctions. At the R point, all states are fourfold
degenerate. In this paper, we only focus on those four degenerate wave functions, whose energy is closest to the Fermi energy,
as labeled by |Wr5),

|Wrp) = {|Wi%), vl (B7)

Other bands that are far away from the Fermi energy are neglected. Even though the dimension of each spinless wave-
function (|\l’,€f)) is 52, we notice that the 3d orbitals of Co contribute to 80% of total density of states. Then, it is
reasonable to ignore the other contributions (4s and 4p orbitals of the four Co atoms and all orbitals of the four Si atoms).
The dimension is reduced to 20 since we only keep the five 3d orbitals of the four Co atoms. Therefore, the dimension-reduced
subspace at the R point is expanded by

{Cor, Coy, Cos, Cos} @ {dyy, dyz, d3 21, diz, dyo_y2 ). (B3)

Yia)

Wi 3,

The three-dimensional Cartesian coordinates are used for defining the d-orbitals of the cubic lattice CoSi, whose definitions are
given in the Supplemental Material [48] [see Appendix A]. This convention is used throughout this paper.

This set of basis for these five d orbitals is used throughout this section. Therefore, the spinless basis in Eq. (B2) is reduced
to

{bcor 3> Beo, 3dy.» DCoy 3dys_,» Doy 3d,es Doy 3 2 DCor 3dy s PC0y 3y s B0y 32 POy 3y PC0b3d s

PCo3 3d,y» P03 3dy» P03 3dy2_, > PC0s. 3> PC0s3d a2 > PCou3dy > PCOs3dye> PCOLIA, 2+ PCs 3dir PCOs3d 20 }. (B9)

(

In this dimension-reduced basis, the symmetry operator C; in These two are now 20 x 20 matrices. Correspondingly, the

Eq. (B3) and S, in Eq. (B5) become four degenerate states at the R point, |\IJ,€_?) withi=1,2,3,4
are correspondingly reduced and renormalized (i.e., dimen-
G = G300 ® G4, and Say = Cox,co ® Coxa- (B10)  sion 20). By symmetry principle, these four degenerate states
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TABLE IV. The numerically calculated “complex” wavefunctions at the R point, where the first column represents the component number
of the wavefunctions. Since these wave functions are made of the five 3d orbitals of the four Co atoms, shown in the second and third
columns. These four wavefunctions |\IJ,€ lf y with i = 1, 2, 3, 4 are the common eigenstates of the Hamiltonian and the C3T B operators with the
CJ? eigenvalues 1, 0, 1, e7*0, respectively. These wavefunctions also show that time-reversal symmetry relates W% (W£%) and W75 (W75

by applying a complex conjugate.

|Pk2)

|Pk3)

W)

0.2773 — 0.2632i
0.0893 + 0.3718i
—0.1185 + 0.0901i
—0.3666 — 0.1086i
—0.0901 — 0.1185i

0.065 + 0.038i
0.065 + 0.038i
0
0.065 + 0.038i
0

0.2773 + 0.2632i
0.0893 — 0.3718i
—0.1185 — 0.0901i
—0.3666 + 0.1086i
—0.0901 + 0.1185i

—0.1516 — 0.0986i
0.215 + 0.0099i
—0.052 — 0.0684i
0.0623 — 0.2732i
0.0684 — 0.052i

0.3213 — 0.1262i
—0.2045 — 0.2525i
0.1121 — 0.047i
0.051 — 0.266i
—0.047 — 0.1121i

—0.1516 + 0.0986i
0.215 — 0.0099i
—0.052 + 0.0684i
0.0623 + 0.2732i
0.0684 + 0.052i

—0.0989 — 0.1912i
—0.2678 + 0.0826i
—0.052 — 0.0684i
—0.0096 + 0.1806i
0.0684 — 0.052i

—0.2045 — 0.2525i
0.051 — 0.266i
—0.0968 — 0.0736i
0.3213 — 0.1262i
—0.0736 + 0.0968i

—0.0989 + 0.1912i
—0.2678 — 0.0826i
—0.052 + 0.0684i
—0.0096 — 0.1806i
0.0684 + 0.052i

Complex basis from TB |®z5)
1 3dyy 0.065 — 0.038i
2 3dy, 0.065 — 0.038i
3 Coq 3ds,2 4 0
4 3dy, 0.065 — 0.038i
5 3d,2_ 2 0
6 3dyy 0.3213 + 0.1262i
7 3dy, —0.2045 + 0.2525i
8 Co, 3ds,2_, 0.1121 + 0.047i
9 3dy, 0.051 + 0.266i
10 3d2_y2 —0.047 + 0.1121i
11 3dyy —0.2045 + 0.2525i
12 3dy, 0.051 + 0.266i
13 Co; 3ds,2_4 —0.0968 + 0.0736i
14 3dy, 0.3213 + 0.1262i
15 3dy2_y2 —0.0736 — 0.0968i
16 3dyy 0.051 + 0.266i
17 3dy, 0.3213 + 0.1262i
18 Coy 3ds,2_, —0.0153 — 0.1206:
19 3dy, —0.2045 + 0.2525i
20 3d2_y2 0.1206 — 0.0153i

0.2054 + 0.1906i
0.1612 — 0.082i
—0.052 — 0.0684i
—0.1161 + 0.1812i
0.0684 — 0.052i

0.051 — 0.266i
0.3213 — 0.1262i
—0.0153 + 0.1206i
—0.2045 — 0.2525i
0.1206 + 0.0153i

0.2054 — 0.1906i
0.1612 + 0.082i
—0.052 + 0.0684i
—0.1161 — 0.1812i
0.0684 + 0.052i

form a 4D single-valued irrep. Thus, they can be used to con-
struct the matrix representations of the symmetry operators
of SG 198 and time reversal. This can be helpful to check
these fourfold degeneracy belongs to Ry R; Irrep or Ry R, Irrep.
As we mentioned in Appendix A 1, the trace of G for the
R R3-Irrep (RyRy-Trrep) is 1 (—2). For this purpose, the matrix
representation G3 for symmetry C; is calculated via

[G3)j = (k7 1Cs| R ). (BI11)
with i, j = 1, 2, 3, 4. Similarly, the matrix representation G,
for Sy, is given by (Wrp|S2|Wrp). And the numerical results
for the wavefunctions are listed in Table IV, which are orthog-
onal to each other

(Wl Wil =51, (B12)
here §; ; is the Kronecker delta function. This also leads to the
following relations:

Tr[G3] =1 and Tr[G{]=0. (B13)

This confirms these states form the R;Rj3 Irrep, as mentioned
in the main text and Appendix A 1. Furthermore, it is also

ready to construct a basis under which the matrix representa-
tions of symmetry operators (Cs, Say, Say, and 7') are exactly
given in Appendix A 3. Because the SOC Hamiltonian can be
justified once the d-orbital basis is constructed. To do that, we
first take a proper unitary transformation, i.e., linear combi-
nation of these states |Wg#) with i = 1,2, 3, 4, to make these
states |W;?) are eigenstates of C3. Under this d-orbital basis,
the matrix representations are correspondingly constructed as
follows. The Gj is given by

G3 = Diag[1, ¢, 1, e7™], (B14)

where wy = 2 /3. These are complex wave functions and the
TR symmetry requires W75 = (WE5)* and Wi5 = (Wif)*.
The time-reversal symmetry operator 7 is given by

(B15)

S = O O
- o O O
[ e R
oS O = O
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where K is complex conjugate operator. Moreover, the matrix
representation G, for Sy, is given by

;
0 0
0 0

0

0

In addition, one can also check that the matrix representation
G for the symmetry S, is obtained to obey the commutation
relations in Eq. (A9).

We now consider the band splitting induced by the atomic
SOC. For the full TB model at the R point, one can add the
on-site atomic SOC Hamiltonian for the Co atoms,

(B16)

4
i
H3d,soc = Asoc } S; L3da

i=1

B17)

where i labels the four Co atoms, L3, represents the three
angular momentum operators based on the five d orbitals (i.e.,
{dyy, dy;, d32_1, dy;, d2_y2}), and s are Pauli matrices acting
on the spin subspace. We assume the SOC terms from other
orbitals are small enough to be neglected. The explicit forms
of operators s and L3, are given by

_sx+isy_ O 1 _sx_is}'_ O 0
T 7o o) T T o)

sZ=<1(/)2 _?/2>, (B18)
0 -1 0 —-i 0
1 0 —iv/3 0 —i
Ly.=]0 i3 0 V3 0|,
i 0 =3 0 1
0 0 -1 0
0 0 —-i 0
-1 0 —iv/3 0 @ —i
Lu-=|0 /3 0 =3 0]
i 0 V3 0o -1
0 i 0 1 0
0O 0 0 0 2i
0 0 0 i 0
Lwg.=| 0 0 0 0 0 (B19)
0 —i 0 0 0
—2i 0 0 0 0

Here we have defined L3y + = (L3gx £ iL34,y)/2. With this d-
orbital basis (R|R3 Irrep) shown in Table IV, we next project
the atomic SOC terms into the effective k - p Hamiltonian to
justify the k-independent SOC Hamiltonian in Eq. (A37). To
do that, we consider the basis at the R point with spin degree

of freedom,
{IM ® [W¥rs), {) ® [Yrp)}
={IN 1. 1) @ [WR5). 11) @ [WE5), 1)
® W), 1) @ 1wgh), 1) @ [WE5), 1))
® [wik). 11) ® Wik}

where |W3%) with i = 1,2, 3, 4 have been shown in Table IV.
After projecting Hsq soc Onto the spinfull basis at the R point in
Eq. (B20), the effective SOC Hamiltonian at the R point reads

(B21)
Here, the effective angular momentum operators, denoted as
Ly, Ly, L., are given by

[La)ij = (WR5 [axa ® Laa.a| Wi 5), (B22)

where the index a = {x, y,z},i, j = 1,2, 3,4, and I4,4 is a 4-
by-4 identity matrix. And the numerical results of these 4-by-4
matrices are given by

(B20)

Heff,soc - )"eff,socs -L.

—a iaz 0 0
~ —ia2 a 0 0
L=l o o &4 inl (B23a)
0 0 —ia2 —d
—ay —aeio 0 0
_ —aye~ a 0 0
L= 0 0 a ae @ | (B23b)
0 0 azeia’5 —d
—ay aye™ i 0 0
B ayeio a 0 0
L=1 o 0 a —aze' |’ (B23¢)
0 0 —aye~i® —ay

where w, = /6, a; = 1/(2+/3) and a, = 1/+/6. Moreover,
the above effective angular momentum operators satisfy the
standard (anti-)commutation relations

(L;, L] = ie;jils, (B24a)
{Li, Lj} = 38y, (B24b)

where i, j, k = {x,y, z}, §;; is the Kronecker delta function,
and ¢;j; is the Levi-Civita symbol. Moreover, we also no-
tice that the eigenvalues of Hefrsoe are —3Aefrsoc (twofold)
and Aefrsoc (sixfold), by diagonalizing the SOC Hamiltonian
(B21). This explains the energy splitting at the R due to the
presence of SOC, indicting that the important role of SOC in
the low-energy physics. This is consistent with the analysis in
Appendix A 4.

2. The real wavefunctions: atomic d-orbital basis
for the eight-band R model

In this section, we construct the d-orbital basis for the R
model in the main text (details are shown in Appendix A 2
and Appendix A 3). Recall that the spinful eight-band R model
in Eq. (A40) is constructed only by symmetry arguments, but
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the corresponding “physical” basis has not been derived. To
solve this issue, we take the following unitary transformation
U, which connects these two representations,

Matrix representations in the “complex” basis

<—> Matrix representation for the eight-band R model.
(B25)

Once this is proved, the important on-site SOC Hamil-
tonian He. can be easily justified. Practically, ¢/ needs
to be mathematically constructed to make the matrix rep-
resentations (G; for S5, and Gz for (C3) be transferred
correspondingly as

1 0 0 0

o 0 -1 0
u'cu=|s 5 o 1l (B26)

0 -1 0 0

0 0 1 0

o 0 o0 1
u'cu=|- o o o (B27)

0 -1 0 0

where the matrices Gz and G, are given by Eq. (B14) and
Eq. (B16), respectively. The right side are the matrix repre-
sentations used for the eight-band R model in Appendix A 1.
Solving this problem is equivalently to define the following
basis transformation based on the complex wavefunctions
given by Table IV,

Wil = IR+ D) e2sy
78w = iR~ [ 974

- =l Vi) + a9 @28b)
V5] = i L) — 03]

-l L e
VR = i () = RS

+ oV + it @280

V3

where a, = exp(i5). Please notice that time-reversal is just a
complex conjugate used for the construction of the eight-band
R model in Appendix A I, we have to define the real wave-
functions by the above basis transformation. In other words,
the time-reversal symmetry in the complex basis is given by
Eq. (B15), which needs to be transformed to

T = Lk, (B29)

with Iyx4 a 4-by-4 identity matrix and K the complex con-
jugate. It is only possible for real basis wavefunctions.
Therefore, the corresponding unitary transformation matrix &/

is represented as

1 i i i
Vi Ve Ve V6
0 % _1 a
u=|, 2 2 Al ®o
ViV Ve Ve
0o -2 __L %
V3 Vi3
which is unitary transformation because of UU" = UU~! =
114 and it gives rise to
(W) [Wel) [We5): |Wei)u
TB TB TB
= ( R,1>real’ i R,2)real’ R.3>real’ \I/R,4)real)’ (B31)

Therefore, the new wavefunctions are also orthogonal to each
other, rcq(Wg |\IJ )real = §; ;. Each component of the real
Wavefunctlons are shown in Table V. For the R point, we can
use this real d-orbital basis in Table V to construct the on-site
SOC Hamiltonian in Appendix A 3. To show that, after the
transformation, the projected angular momentum operators in
Eq. (B23) become

0 0 —i 0
e 1lo o 0o —i
= &
u'lu=21% o o o L., (B32a)
0 i 0 0
0 0 0 —i
e 1lo o i o
1 _ ! N
u'Lu=-lg 2 o o 2L (®32D)
i 0 0 0
0 —i 0 0
5 1li o o o0
-1 _ o
u'l=—lg o o |=L ®320
0 0 —i 0

These matrices in the right side are L, = %ayro, L, =
%O‘xty, L, = —%O‘Z‘L’y, which are just the angular momentum
operators defined in Eq. (A17). According to Eq. (B21), the
on-site. SOC Hamiltonian becomes U ™' Hegtsocld = 4ho(S -
L), with S = %(sx, sy, s;) and L = (Ly, Ly, L;). The SU(2) al-
gebra for the angular momentum is given by [S;, S;] = ie€; xSk,
{Sl‘, Sj} = %(Sij and [Li,Lj] = ieijkLk’ {Li,Lj} = %Bij. As a
brief conclusion, we have numerically found the real basis
function for the eight-band R model, and also confirmed the
form of the angular momentum operators, which are required
for the construction of the on-site SOC Hamiltonian. The
wavefunctions in Table V show that the mixing of f,, and e,
orbitals are essential for the on-site SOC Hamiltonian in the
spinful R model, as mentioned in the main text.

APPENDIX C: APPROACH I FOR THE HIERARCHY
OF THE QUASI SYMMETRY

In this section, we use the perturbation theory to identify
the hierarchy of quasisymmetry. This is Approach I mentioned
in the main text. Here we explain the necessary details. The
linear k-order SOC-free Hamiltonian #; (k),

Hi(k) = Coopto + 241 (k - L), (C1)
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TABLE V. The numerically calculated “real” wavefunctions at the R point, the first column represents the component number of the
wavefunctions. Since these wave functions are made of the five 3d orbitals of the four Co atoms, shown in the second and third columns. These
real wavefunctions are obtained via a unitary transformation in Eq. (B30) on the complex wavefunctions in Table I'V. In these new spinless basis,
time-reversal symmetry is just a complex conjugate. This basis becomes the spinless basis for the eight-band R model after taking the spin de-
gree of freedom into account, represented by |T) ® {|\p1€_'i>realv |\y1€g)reals |\I"17a-€)real7 |\p1€g>real}’ N/) ® {|\y1€l1?)real’ |\D1€yg>reals |\l/1€€)reals |\I”]€€1)real}~

Real basis from TB IIPIT?E)real |lpl€§)real |W£g)real IlPIgﬁ)real
1 3dyy 0.0920 0.0721 —0.2892 0.4544
2 3d,y, 0.0920 —0.4544 —0.0721 —0.2892
3 Coq 3dy,2_, 0 —0.0217 0.1369 —0.1585
4 3d,, 0.0920 0.2892 0.4544 —0.0721
5 3dxz,yz 0 0.1706 0.1040 0.0665
6 3dyy 0.4544 0.2892 0.0721 —0.0920
7 3d,, —0.2892 0.0721 —0.4544 —0.0920
8 Co, 3ds,2_4 0.1585 0.1369 0.0217 0
9 3dy, 0.0721 0.4544 —0.2892 0.0920
10 3dxz_yz —0.0665 0.1040 —0.1706 0
11 3dyy —0.2892 0.4544 —0.0920 —0.0721
12 3dy, 0.0721 0.2892 0.0920 —0.4544
13 Cos 3d3,2_q —0.1369 0.1585 0 -0.0217
14 3dy, 0.4544 —0.0721 —0.0920 —0.2892
15 3dx2—y2 —0.1040 —0.0665 0 0.1706
16 3dyy 0.0721 —0.0920 —0.4544 —0.2892
17 3d,, 0.4544 0.0920 —0.2892 0.0721
18 Coy 3ds,2_y —0.0217 0 0.1585 0.1369
19 3dy, —0.2892 0.0920 —-0.0721 —0.4544
20 3dxz_yz 0.1706 0 —0.0665 0.1040

where the angular momentum operators are L, = where we use S = %( Sy, Sy, 5;) for the spin-1/2 angular mo-

%oyro, L, = %Gx‘ty, L = —%azry defined in Eq. (A18).

Notice that #;(k) is invariant under the spin SUg(2)
symmetry group. Moreover, we notice that an additional
hidden SU,(2) symmetry also exists for (k) in the “orbital”
space that can be generated by the following operators:
Moz = 2{s800yT2, S00y Ty, S000Ty ), (C2)

which is shown in the main text [see Eq. (2)], and M 3 all
commute with (k) and satisfy the commutation relations

(M, M;] = i€ jx My, (C3a)
(M, M} = 18 (C3b)

Here i, j =1,2,3, ¢ ;i is the 3D Levi-Civita symbol, and
d;; is the Kronecker delta function. Thus, we refer to it as
the orbital SUy(2) quasisymmetry group for H(K) + Hsoc
because of

[Mia Hl(k) + Hsocl =0, (C4)
where the on-site SOC Hamiltonian is given by Eq. (A37),
Hoe = 4)LO(S L), (C5)

mentum operators. And [S;, S;] = i€;xSk. In addition, we
consider the k?-order Hamiltonian that can be represented in
a compact form,

Hao(K) = Ho a, (K) + Ho o, (K) + Hoa (k) (CO)
where each part of H; (k) is given by
Hoa, (k) = gi - Ji, (€7
fori = 1, 2, 3. Here we define the k-dependent vectors as
g1(k) = (Gokiky, —Cikik,, Cikyk,),
2(K) = (Gskiky, Cikik;, —Cokyks),
23(k) = (Cikcky, Cokik,, —C3kyk;). (C8)
And the corresponding vectors of operators
Ji = (0xTx, —0: 71, 00T2),
J2 = (0473, 0;7;, 00T),
J3 = (070, 0470, 0y Ty). (C9)

In addition, we also realize that the k% terms of #, (k) break
this orbital SU,(2) quasisymmetry generated by { M, , 3} and
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lead to the splitting of all bands. However, different parts of
the entire k2 terms can lead to the reduction from SU,(2) to a
orbital U(1). To show that, as we discussed in the main text,
we find that

[J;, M;]=0 and

which implies

Ju M;} =0 for i#j, (Cl0)

[Ho,m, (K), M;] = 0. (C11)
This can be also found in the main text and Appendix A 2.
Below, we focus on how to identity the quasisymmetry based
on the effective perturbation theory (Approach I). Note that
alternative Approach II will be presented in Appendix D.
Furthermore, we notice there is a conservation of total an-
gular momentum at fixed k for H, (k) + Hsoc = Co + 241(k -
L) 4+ 4A0(S - L). As we have discussed in Appendix A 4, the
total angular momentum S + L is conserved at k = 0. But it
does not commute with the Hamiltonian H; (k) + H,. at the
nonzero k. However, we notice that

[(S + L) : ﬁks Hl(k) + Hsoc] =0,

where 7y = % is the direction of the momentum k. And (S +

L) - 7ik is physically similar to the helicity operator at nonzero
k. Also, Eq. (C12) can be proved as follows:

(i) Spin and orbital are independent degree of freedoms, so
we have [S, L] = 0. Therefore, [(S + L) - 7ix, H1 (k)] = [L -
g, Co +2A;(k - L)] = 0.

(i) We can define total angular momentum Ly =S +
L, so that Hee = 24o(L2, —S* —L?) = 24(L2, — 2 — ).

tot
J

(C12)

Then one can check
[Liot,is Liot, j1 = [Si, Sj1 + [Li, L] = i€;jxSi + i€;juli
(C13)

Besides, we have [Li, Lfot] = 0 (i.e., the square of the angu-
lar momentum commutes with any of the components), which
leads to [Liot, Hsoc] = 0. Therefore, we have

[Liot - ik, Ly, ] = 0. (C14)

This proves that Ly - 7ix is a symmetry operator of H;(k) +
Hsoc at any nonzero k.

= i€jjxLiot k-

1. Approach I: The U(1) quasi symmetry protected nodal planes

We solve the eigenproblem of the Hamiltonian #; (k) in
Eq. (A16) or Eq. (A18). Due to the full rotation symmetry,
we choose the spherical coordinate with the momentum k =
(ky, ky, k;) = k(sin 6 cos ¢, sin 0 sin ¢, cos §). The eigenener-
gies of (k) have two branches £, = Cy £ Ak with each
branch twofold degeneracy (fourfold if spin degeneracy is
involved). In this paper, we assume A; > 0, and the two
degenerate eigen wavefunctions |Wu g (6, ¢)) of the positive
energy branch (E;) and [W4/5—(6, ¢)) of the negative energy
branch (E_) are given by

[Wa/p+(0, P)) = E4|Wasp+(0, ),
[Wap—(0,0)) = E_|Wap_(0,d)),

where the index =+ represent the eigenvalues of L - 7ix, and the
eigenstates in the spherical coordinator are given by

’Hn(k){ (C15)

1
[W4t(0,0)) = —=(cosbcos¢ —ising, —coshsing —icose,O0, sin6)7,

V2

1
|Wp, (0, $)) = —(—isinfcos¢,isin@sing, 1,icosd).

V2

(Cl6a)

1
[Wa_(0, @)y = —=(isinf cos ¢, —isinfsing, 1, —icosO)T,

V2

1
|Wp_(0,¢)) = —2(0059 cos ¢ + ising, —cos@sing + icos ¢, 0, sinH)" .

5

The solution is not unique, since there exists a twofold
degeneracy between |W, (0, ¢)) and |Wp, (6, ¢)) at arbitrary
k, protected by the orbital SU(2) symmetry generated by
{M1, M5, M3} in Eq. (C2). Moreover, the subscript A(B)
can represent the eigenvalues of the quasisymmetry operator
defined as (M, M;, M3) -7 with a specific real normal-
ized vector 7i = (ny, n,, n3). For the basis in Eq. (C16a) and
Eq. (C16b), the 7 vector reads

7i = (—sin(@) cos(¢), sin(0) sin(¢), — cos(H)). (C17)
And one can check

(M- )|Wa1(0, @) = [War (6, @), (C18a)

(M- )| Wa-(0, @) = [Wa—(60, ¢)), (C18b)

(M- 1)W1 (0, ¢)) = — VB (6, 9)),  (Cl8c)

(M- )| Wp_(0, ) = —|¥p-(6,¢)). (C18d)

But 7i can be arbitrary due to this twofold degeneracy
(fourfold if spin degeneracy is accounted). This means the

(C16b)

(

choice of eigenstates are not unique. Besides, another set of
wavefunctions chosen as eigenstates of M3 will be shown in
Appendix D2 by fixing 7 = (0, 0, 1). Furthermore, we can
project the angular momentum operator L into the eigenstate
subspace,

(Wax(0, ®IL|VAL(0, @) = (Vp+(0, §)IL|Vp+(0, @)

=4 k C19
- Z? ( )
(Wa+(0, @)|LIWpL(0, @) = (Wp+(0, §)|LIW4+(0, ¢)) = 0.

(C20)

Here, Egs. (C19) and (C20) mean the emergent angular mo-
mentum operator L is along the momentum direction after the
projection. Besides, with involving the spin degree of free-
dom, the corresponding fourfold degenerate wavefunctions
are labeled as

W) = {1Warr (0, @), [WB14(0, D)), [Way (0, 8)),
Ve, (0. 9} (C21)
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where
[Wat1(0, ) = (1,0)" @ [Wap (0, 9)),

) )
Wpr(0,0)) = (1,07 ® |V, (0, 9)),
[Wpit (0, 9)) = (1,0) ® W, (6, 9)) ©2)
[Wai) (0, 9)) = (0, 1) ® [Wai(0,0)),

) = )

(Ws11(6,9)) = (0, 1) ® W5, (6, ),

where (1,0)7 and (0, 1)7 label the spin-up and spin-down
wavefunctions, respectively. The above set of wavefunctions
serves as the basis for the projected four-band perturbation
model via the first-order perturbation theory, dubbed as “the
P model”. We treat both the on-site SOC in Eq. (A37) and the
k? terms in Eq. (A19) as perturbations,

Hperb(k) = 7'lsoc + 50 ® HZ(k)
The projected Hamiltonian (W |H p.5| W) is given by

(C23)

Hy' (k) = (Ey + Bik )sowo + Ho! LK) + HE'(K),

soc,+
(C24)

which is marked as the P model around R point. And

Hoo 2 (06) = Ao(hSy + Aysy + Az82) ® e,

eff(l)(k)

(C25a)
Ck%so ® (dyw, + dyooy + d.w,),  (C25b)

where C = C| — C, + C3, and o, v,z are Pauli matrices for the
{A-+, B+} band subspace. The coefficients A, , . are defined as

(Ax, Ay, A;) = (sinf cos @, sin @ sin @, cos 0) = Ly

K. (C26)

On the other hand, the coefficients d, , ., are given by

d, = J‘ sin 6 sin(26) sin(2¢)(cos ¢ + sin @),
dy = i sin O sin(26) sin(2¢)(sin 6 + cos B (cos ¢ — sin ¢)),
d, = j{ sin 6 sin(26) sin(2¢ )(cos & — sin(cos ¢ — sin ¢)).

(C27)

Furthermore, we use the symmetry to understand the above
first-order perturbation Hamiltonian. The basis function in
Eq. (C21) can be labeled by eigenvalues of symmetries,

|War1(6,¢) =11 ® [p=+3,9=+1), (C28a)
|Wpir (6, 9) = 1) ® |p=+3.9=—1), (C28b)
|Wasy(0.0)) =) ® |[p=+3.9=+1), (C28¢)
Wpi (0.0) =) ®|p=+35.9=—1), (C28d)

Here we take p = +1/2 as the eigenvalues of L -7 and
g = =£1 as the eigenvalues of M - 7i. All these four states are
degenerate with eigenenergy of H; as Cy + A k. The linear k
Hamiltonian has both orbital SU(2) symmetry and spin SU(2)
symmetry. Specifically, the orbital SU(2) symmetry generated
by {M 3} indicates that the vector # is arbitrary. And the
spin SU(2) symmetry implies that |1/ |) can be any direction
in the spin subspace. Then, to show the origin of the hidden
quasisymmetry of the P model, we individually do the projec-
tion for the on-site SOC and k2-order Hamiltonian,

(i) Only do the projection of the on-site SOC Hamilto-
nian. In this case, the orbital SU(2) symmetry generated by

{M .3} preserves, because of [M;, H;(K) + Hsoc] = 0 with
i =1, 2, 3. Thus, we obtain

(Hsoc>’){]

SUs(2) x SU,(2) e— > Uy(1) x SU,(2), (C29)

where the spin U(1) symmetry generator depends on k. To
understand this, we recall the conservation of (S + L) - 7y for
Hi(K) + Heoe = Cyp + 241Kk - L 4+ 440S - L. Then, for a fixed
nonzero K, one can take the eigenstates in Eq. (C28) as eigen-
states of the helicity operator (S + L) - 7ix by choosing

|Warr(0,0) = |s =+5)® |p=+3,9=+1), (C30a)
|Wpi1(0,0)) = |s=+1)®|p=+1,g=—1), (C30b)
|Wasy(0,9)) = |s=-1)®|p=+1.g=+1), (C30c)
(Wi (0,0)) = |s=—-1)®|p=+1.g=—1). (C30d)

Here we use s = £1/2 as eigenvalues of S -7. Here we
use 7ig, 7y, and 7, to be the set of 3D orthogonal coor-
dinates at the ﬁxed k and 7y is the direction of k [i.e.,
7k = (sin6 cos ¢, sin 6 sin ¢, cos #)]. Namely, |iix| = |7} | =
|7y | = 1, and 7iy - 7y, = 7y - iy, = 7y - 7, = 0. Then, the first-
order projection of S-L =[(S- nk)(L fix) + (S - (L -
i)+ (S - m)(L - 7y)] onto these four states in Eq. (C30)
leads to

[(Hsoc) 2, 1ij = 420 (Wi (0, @)IS - L|W;(0, ¢)),
= 4xo(W;(0, P)I(S - 7ig )(L - 7ik )
+ (S - )L - i) + (S - i)
x (L -m)|W;(0, ¢)),
= 4ho(W;(0, PI(S - 7 )(L - i) W0, 9)),
(C31)

where i, j = {A+ 1, B+ 1,A+ |,B+ |}. Thus, the first-
order perturbation for on-site SOC Hamiltonian is

1 0 O 0
0 1 0 0

(Hsoc>”7’-[| = )\O 0 0 -1 0 (C32)
0o 0 0 -1

Please notice that (Hs.)7, can be also obtained after diago-
nalizing Hem' ') (k) in Eq. (C25). At nonzero k, we find that
the fourfold degenerate states [Cy + A1k for H; (k)] are split
by the on-site SOC Hamiltonian . into two states and each
state has twofold degeneracy stemming from the orbital SU(2)
symmetry, E = Cy + Ak + Ap. And the eigenstates are just
Eq. (C30). And the spin-polarization along the direction of k
represents the spin U(1) symmetry.

(ii) Only do the projection of the k*-order Hamiltonian.
In this case, the spin SU(2) symmetry preserves. Since the
k*-order Hamiltonian is spin independent. Thus,

(Haday,

SUs(2) x SUy(2) — SU(2) x Uy(1). (C33)

We do not have an elegant picture for the (H)3,. But we
know it does not dependent on spin, as shown in Eq. (C25).
The fourfold degeneracy is split into two states, and each
state has twofold degeneracy (i.e., spin degeneracy). And, the
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two-by-two matrix in the {A, B}-subspace itself severs as the
orbital U(1) symmetry.

Therefore, up to the first-order perturbation, we obtain a
hierarchy of quasisymmetry for CoSi mentioned in the main
text [see Eq. (7)],

(Hsoc+H2>Hl

SU(2) x SU,(2) < Us(1) x Ug(1). (C34)

And [Ug(1), Uy (1)] = 0, as shown below.

2. The analytical properties of the effective
perturbation four-band P model

The P model has the self-commuting structure at every k.
Explicitly,

[ k), HeE D (k)]

=0, VKk; & VK; in the whole momentum space,
(C35)

as discussed in the main text, which is known as the projected
stabilizer code Hamiltonian and directly leads to the U(1) qua-
sisymmetry group. Below, we provide some analytical study
on the properties of the effective P model. The eigenenergies
of the P model in Eq. (C24) are

Eup(k,0,¢) = Co+ Bik> + Atk + akg
3.
+ ﬁ‘/T_Ckﬂ sin2¢ sin20sin@|,  (C36)

where o« =+ and B ==£. Here sin2¢sin20sinf =
Akykyk. / k3, indicating that there are twofold degeneracy
on high symmetry planes (k, = 0 or ky, =0 or k; = 0).

For the I' — R — M plane, ¢ = /4 so sin2¢ = 1. The
eigenenergies along high symmetry lines are listed as fol-
lows:

(1) Along the R — M line.

0 =0,s0E, =Cy+ Bik*> + A1k + arg. All the bands are
twofold degenerate.

(2) Along the R — Z line.

0 =m/2, 50 E, = Cy+ B1k> + Ak + a)g. All the bands
are twofold degenerate.

We then analyze the perturbation along these two high
symmetry lines (i.e., the R — M line and the R — Z line) to
identify the band crossing types of the Fermi surface (linear
or quadratic). For a given E, the Fermi surface shape of the
momentum k. for the upper four bands is determined by the
quadratic equation

Bik* + Ak +C, =0, (C37)
where C, = arg + Cp — Ey with o = =£. This equation leads
to the solution

1
— — _ 2 _
ke.0=0 = ko g=r/p = 231( Ay +,/A} —4B,C,). (C38)

We firstly focus on the R — M line by expanding Eq. (C36)
around 6 =0. In this case, we have 6 =0+, and

k = ky.g—0 + 8. Then, the Eq. (C37) should be replaced by

0= Cy + Bik* + Ak + BY3CK?| sin 2¢ sin 26 sin 0],

(C39)
which leads to
0 = Cy + Bi(kaso—0 + 8)* + A1 (ka.o—0 + &)
V3. .
+ B Clhas=o+ 8¢)°| sin 26(267). (C40)
After neglecting the 8,% terms, we find
50— —pY3 C| sin 2¢|67 (ka.6-0)*
S 0B ke ao + A1 + BV/3C ] sin 20162ke =0
(C41)
To the 83 order, we have
/3 C|sin 26| (ky.9-0)
Skp=—B— i 52, C42
P e+ Ay (C42)

which indicates that the exact crossing along the R — M line

is quadratic in momentum k = vk +k;, as illustrated in
Fig. 5(a) around the R — M line.

For 6 =m/2 (i.e., the R—Z line), we then expand
Eq. (C36) around 6 = 7 /2 + 8. Because

sin 26 sin @ — sin(w + 28g) sin(w /2 + 89) — —289 + O(Sg).
(C43)

It leads to the solution for k at a fixed E,

5. £C|Sin2¢|(ka,9=rr/2)2
kB = 2 2Bikgg—o + A

X 8g], (C44)
which indicate the exact crossing along k; is linear, as illus-
trated in Fig. 5(b) around the R — Z line.

In addition, we discuss the emergent nodal lines on Fermi
surfaces for the P model. The comparison of the FSs be-
tween the eight-band k - p effective Hamiltonian, the R model
[e.g., see Eq. (A40) in Appendix A 3] and the first-order-
perturbation four-band Hamiltonian, the P model [e.g., see
Eq. (C24) in Appendix C 1] are shown in Fig. 6. The P model
shows exact degeneracy at non-high-symmetry points. The
crossings from two bands can be obtained from the constraint
equation

Ey—i1p=—1 = Ey=_1,p=+1, (C45)

of which the solution
i ek, k
ho = Y3CK?|sin 2¢ sin 20 sin 6| = «/§c|—k“| (C46)

generally leads to nodal planes. The obtained nodal planes do
not intersect with high-symmetry planes, e.g., k, = 0 or k, =
0 or k; = 0. At the Fermi energy, we require an additional
constraint equation

Ef =Ey—t1p=—1= Eo=—1,p=11- (C47)
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(a) The four Fermi surfaces inthe I' — R — M plane
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_____________________

FIG. 5. The four distinct Fermi surfaces of CoSi are numerically calculated, as shown in (a) for the ' — R — M plane. These high-symmetry
points are marked in the first Brillouin zone [left panel in (a)]. And these four Fermi surfaces are labeled by four different colors. The middle
two have a “crossing” behavior with a tiny gap. And the analytical results for the band dispersions [see Eq. (C36)] of the P model along the
R — M line in (b) and the R — Z line in (c). The two dashed black lines represent the Fermi surfaces with @ = 1 and 8 = 0. The 8 term leads
to the quadratic band splitting around the R — M line in (a) with §; ~ 82, and the linear band splitting around the R — Z line in (b) with & ~ .

Here, the orange line is for« = —1, 8 = —1, the blue line is for « = —1, § = +1, the green line is for « = +1, 8 = —1, and the yellow line
is for « = +1, B = +1. Once the band splitting caused by the 8 term is large enough, the band crossing between the blue line (8 = +1) and
the green line (8 = —1) may happen at arbitrary momenta, which are exact and protected by the quasisymmetry.
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FIG. 6. Comparison of the Fermi surfaces with the R model in (a) and the P model in (b) around the quasinodal points in the ' — R — M
plane. (a) Shows a tiny gap in the blue circle, and (b) shows the exact quasisymmetry protected degeneracy.
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By solving the above equation, we find the curve equation for
the emergent nodal lines at the Fermi energy

~ | kokyk, 3~
\/§C| k; a — §C|Sin2¢sin29 sin 0|

2B (Ey — Cp)
A}

Al
~ 2(Ep —(p)?

4B,(E; — C,
+\/1+—1( . O)]
Al

For a fixed Fermi energy Ef, solving Eq. (C48) generally
gives rise to a line solution in the 8 — ¢ plane. It represents
a nodal line because of Eq. (C46): solving 6 and ¢ at fixed
E; from Eq. (C48) will fix k simultaneously. However, the
existence of such a line solution for Eq. (C48) depends on
the value of E;. For a critical Ey, there is no line solution
from the curve equation (C48), instead, we can only get a
point solution. To find this minimal E, we set ¢ = 7 /4, and
notice that the function |sin 26 sin | reaches its maximum

(C48)

2
3

£ A1/ Cyhg + Birg + CoCy
fe = .
Cy

Thus, E; . is the energy for the single nodes with twofold
degeneracy on the corresponding nodal planes. Based on this
analysis, we realize that the quasinodal line will emerge into
single nodes when decreasing the Fermi energy. For E; <
Ef ., no solution of Eq. (C48) can be obtained anymore.
Therefore, one can conclude that each nodal line emerges into
a single point after decreasing E; down to Ey .. Moreover,
when the nodal plane is split due to high-order perturbations,
this point becomes a Weyl point pinned along the (111) axis.
Thus we conclude that nodal lines exist only when Ef > Ef ..

when 6§ — arcsin we find the minimal E as

(C49)

3. The second-order perturbation: Gap out
the quasi nodal planes

Next we consider the second-order perturbation correc-
tions for the four-band P model [e.g., see Eq. (C24) in
Appendix C 1], which can open a tiny gap for the emergent
nodal lines obtained from Eq. (C48) at generic momenta. Re-
call that the first-order perturbation Hamiltonian, the P model,
is based on the basis in Eq. (C21),

J

(W) 2 [Wpper) = {(1,0)" @ [W41.(6, 9)), (1,0)" ® [Wp4(0, ), (0, D' ® [Way (0, ), (0, 1) @ [Ws1(6, $))},

which are all eigenstates of H; with the same eigenenergy E, = Cy + A;k. And the spinless wavefunctions |W, /g (6, ¢)) are
given by Eq. (C16a),

(C50)

1
W4, (0, ¢)) = —(cosO cos¢ — ising, —cosBsing — icos¢p, 0, sin6)’,

(C51a)
V2
1
|Wp(0,0)) = ﬁ(—isinQCoscp, isinfsing, 1,icos O)T, (C51b)

where A/B represent the eigenvalues of M - 7i. The second-order perturbation theory has been presented in the Supplemental
Material in Ref. [16]. To make sure the completeness of this Appendix, we repeat the discussion of the second-order perturbation
in this subsection. Here, we consider the inter-band correction via second-order perturbation. The fourfold degenerate eigenstates
of H; with lower energy (E_ = Cy — A k) are given by

[Wower) = {(1,0)" ® |¥5_(8, ¢)), (1,0)" ® |¥s_(8, ¢)), (0, 1) ® |¥p_(8, ¢)), (0, 1) ® |¥a_(8, )},

which are all eigenstates of of 7 with the same eigenenergy E_ = Cy — A k. And the spinless wavefunctions |W,,z_(0, ¢)) are
given by Eq. (C16b),

(C52)

1
|Wa_(0, @)y = —(isinB cos ¢, —isinfsing, 1, —icos ),

(C53a)
V2
1
[Wp_(6,0)) = E(COS 6 cosp + ising, —cos@sing +icosp, 0, sin0) . (C53b)
Therefore, the second-order perturbed Hamiltonian is given by
1 N
AHZ (1) = —— (Wapper | (Hsoe + Ha (k) Prower (Hsoe + Ha (k)| Wapper)), (C54)
AE

where AE = E, — E_ = 2Ak is the energy difference between the upper-energy band the lower-energy band, and the projection
operator Power = |Wiower) {Wiower| ONto the lower four bands in Eq. (C52). The mixed terms of Hg,. and H;(k) for the second-
order perturbation are given by

1
AH;ff(Z) (k) = E((“I’[upperl/}{soc | lIJlower) <qjlower |H2 (k)l"yupper>) + H'C's (CSS)
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with the matrix elements of A?—lfﬁ(z)

[AH;H@]H = 25in’(0) sin() cos(¢)(sin>(0) sin(¢) + sin(0) cos(9) cos(¢) — cos>(0)), (C56)
[AHE'®], , = sin®(0) cos($)(sin®(§) sin(2¢) + 2i cos(B) sin(¢)(cos(8)(cos(8) cos(¢)
+ sin(0)) + sin(¢)(sin?(0) + i cos(0)))), (C57)
[A?—l;ﬁm]m = é-lle*"f’ sin(8) cos(8)(sin(2¢)(sin(36) sin(¢) + 4 cos*(#)) — 8 sin(8) cos*(0)
x sin(¢) cos(¢) + 8i cos(6) sin>(¢) + (—% + 6i) sin(#) cos(¢) + (% + 21‘) sin(9) cos(3¢)),  (C58)
[A’H;ff(z)]m —e sin(@)((cos(@) — 1)(cos?(0) cos(¢) + i sin(0) sin(¢) cos(¢)(— cos>(6)
+ sin(8)(cos(0) + i) cos(¢)) + sin(f) cos(8) sin2(¢)(—1 — isin(0) cos(¢)))
— 2icos? (g) (—i cos?(0) cos(¢) cos(2¢) + sin(¢) cos(¢)((cos’ () + cos(0))
x cos(¢) — i sin®(8) cos(¢p) + sin(8) cos>(8)) + sin(8) cos(9) sin®(¢)(sin(8) cos(¢) + i))) (C59)
and
[AH"?], , = —i sin®(0) sin(¢) sin(2¢)(cot®(6)(—4 cot(8) csc(d) + 4 cot(p) — 1) + csc(@) + 3), (C60)
[AH;H(Z)]M = %e*"f’ sin(0) cos(e)(—4 sin(¢)(sin(#) sin(¢) + (2 + 2i) sin? <§> c0s2(¢))
+ cos?(0) sin(2¢)<—4i sin? (g) cos(¢) + 2isin(0) + csc(qb)) + cos(0) csc(e)
N2 0 -2 -2 0 . . .2 -3 .
X < — (24 2i)sin <§) sin“(2¢) 4+ sin (5> sin(4¢) + 4isin“(0) sin”(¢p) cos(¢p) + s1n(2¢)>>, (C61)
[AH}’;ff(z)]“ = —ée—“f’ $in(0) cos(0)(8 cos () sin(2¢) — 16 sin(0) cos>(0) sin(¢) cos>(¢)
+ 16icos(8) sin2(¢) + cos(¢)(4sin(30) sinz(cj)) + (=3 + 12i)sin(0))
4+ (3 4 4i) sin(8) cos(3¢)), (C62)
and
[AH;*‘“”]&3 = —1sin’(6) sin() sin(2¢)(cot?(§)(—4 cot(9) esc(¢p) + 4 cot(g) — 1) + esc*(9) + 3), (C63)
[AH;H(Z)LA = —isin?(0) sin(¢) cos(¢)(2 cos’ () cos(p) + 2 cos’(0)(sin(8) + i sin(¢))
=+ sin(0)(sin(20) sin(¢) — 2i sin(0) cos(¢))), (C64)
and
[AH;'™] 4.4 = 25in°(0) sin() cos(¢)(sin’ (8) sin(¢) + sin(6) cos’ (6 cos(¢) — cos’ (9)). (C65)

The other parts are related by complex conjugation
[AH;H(Z)],'J _ [AH;ff(Z)];i.

APPENDIX D: APPROACH II FOR THE HIERARCHY
OF THE QUASI SYMMETRY

In this section, we discuss the Approach II for the hierarchy
of the quasisymmetry and the perturbation theory based on
the solution of H;(K) 4+ Hgoe for the H, (k). Please note that

(

the algebra of the orbital SU(2) quasisymmetry defined in
Eq. (C2) in Appendix D 1,

1
Mi 23 = 3{500,T;, 500y T2, S000Ty } (D1)

which all commute with (k) + Hsoc, but do not commute
between themselves. And [M;, M ;] = i¢; ; M. Moreover,
we can also defined the rotation for this orbital SU(2)
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quasisymmetry group

U@, ¢)

— pI0Ms i M:

= COoS (g) cos <%>S00'0‘L'0 + isin (g) cos (%)/\/&
+icos (g) sin <§>M2 + isin (g) sin <(;—5>/\/l1
(D2)

Clearly, U(6, ¢) commutes with sy ® H (k) + Hgo for any
values of 0 and ¢. The /(0, Z) can rotate M to M3,

x 2
U(O, %) =7 M = %_So ® (00T + i0yTy)

Su(0.3 )M (0.3) =M ©3)

For better readability of this section, here, we first repeat
the linear k Hamiltonian, on-site SOC Hamiltonian and k2-
order Hamiltonian,

Hi(k) = Coopro + 24,1(k - L), (D4a)
Heoe = 410(S - L), (D4b)
Ha(k) = Hapm, (K) + Hoam, (K) +Hoag, (K), (D)

where the spin angular momentum S = %(sx,sy,sz),

and the orbital angular momentum operators are
L: (%O'yl’o, %axry,—%azry). And each part of Hy(k) is
given by

Ham, (K) = gi(k) - J;, (D5)

fori =1, 2, 3. Here we define the k-dependent vectors as

81 (k) = (Czkxk's _C3kxkzs Clkykz),
8:(K) = (Gskyky, Cikik;, —Cokyks),

g3(k) = (Clkxkys Ckakza _C3kykz)' (D6)

and the corresponding vectors of operators

Jl = (erxv —0; Ty, 001'2)7

Jo = (0,7, 0.7, 00Tx),

J3 = (0;70, 0x 70, Uyty)~ (D7)
In addition, we also realize that the k% terms of #,(Kk) break
this orbital SU,(2) quasisymmetry generated by {M 3} and
lead to the splitting of all bands. However, different parts of
the entire k? terms can lead to the reduction from SU,(2) to a
orbital U(1). To show that, as we discussed in the main text,
we find that

[J;, M;]=0 and

JuM;}=0 fori#j, (D8

which implies

[Ho,nm, (K), Mi] =0 (D9)

1. The algebra for the orbital SU(2) quasi symmetry
for the k%-order Hamiltonian

In this subsection, we discuss the algebra of the orbital
SU(2) quasisymmetry in Eq. (C2). To show the generality of
the breaking of the orbital SU(2) quasisymmetry down to U(1)
quasisymmetry by the k?-order Hamiltonian. We can rewrite
the H, (k) into the form

Ha(k) = keky(Cor - T) + kek (Cp - P) + kyk(Cq - D),
(D10)

where the three k-independent parameter vectors are
Cq = (G, =C3,C1),
Cp = (=G5, C1, 0,
Co = (C1. ~C2, =Cy),

(D11)

and the corresponding operator vectors are given by

-

J = (0xTx, —0,T;, 0:Tp),
P = (—0.1, 0.7, 0xT0),
@ = (00T, 00Tx, O, Ty). (D12)
Moreover, we notice that
[Tar Mp] = i€apeTe,
[Pa, Myp] = i€ Pe.,
[Qa, Mp] = i€ Qe

where €, is the three-dimensional Levi-Civita symbol with
a,b,c = 1,2, 3. Therefore, for arbitrary real normalized vec-
tor 7i = (ny, np, n3), we have the following commutation
relations:

[j'ﬁs/\;l.ﬁ]z

(D13)

[P i, M 7] =[O -7, M -ii] = 0.

(D14)
These can be easily shown, for example,
303
[T -7i, M -ii] = Z > nanpl Tas M)
a=1 b=1

3 3
=Y namplicame )
a=1 b=l1
3 3

a=1 b=a+1

nanp(i€ape Je + i€paeJe) =0

(D15)

Here we have used €, + €poc = 0. Therefore, we find a
general symmetry-breaking case with the orbital SU(2) qua-
sisymmetry down to the U(1) quasisymmetry. For any three
normalized and orthogonal vector, 7, #’, and 7i”, satisfy |7i| =
W | =|n"|=1and i L #', 5 L#" and i’ L #”. Then we can
do the projection for the k*>-order Hamiltonian,

Ha(k) = Ha (k) + Ho i (K) + Ho i (K), (D16)

where we project the parameter-vectors («C 7, Cp, C’Q) into the
{n, i, 1"} space,

Cyr=i(Cy-i)+id(Cy-i)+i"(Cs-i"), (DI7a)
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1
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(Cp - i)+ 7 (Cp -i#)+i"(Cp -7#"), (D17b)
(Co-i)+7(Cq-i)+i"(Cq-i"), (DI7c)

(ol
ol

I
St

P
Q
Therefore, the first term in Eq. (D16) is given by

Ha i (k) = keky(Cor - 1) X (i - T) + keko(Cp - 7i)

x (7i - P) + kyk,(Cq - )i - Q), (D18)
which commutes with M - 7,
[M -7, Hp5(k)] = 0. (D19)

Especially, in the main text, we have mentioned three cases:

(1) 1= (1,0,0). The H, (k) Hamiltonian is given by
H>, pm, (k) in Eq. (C6).

(i) #=(0,1,0). The H, (k) Hamiltonian is given by
Ha. m,(K) in Eq. (C6).

(iii) 7# = (0,0, 1). The H, (k) Hamiltonian is given by
H>, m, (k) in Eq. (C6).

Moreover, the U(1) quasisymmetry protected nodal-plane
for Hy s, 1s discussed in the main text. More details will be
discussed in the following Appendices D2, D 3, and D 4.

2. Analytical solutions by using the U(1) quasi symmetry

Furthermore, we show the important role of the orbital
SU(2) quasisymmetry operators (i.e., M 5 3) in analytically
solving the eigenstate problem. Here, we take #,;(k) in

J

Him=+1(K)A—) = —A1k|A—), with |A—) =

Himy=+1(K)|A+) =

and by substituting the replacement

Ak|A+), with JA+) =

(km kyv kz) - (kxv _kys _kz) [i'e"

Eq. (A16) or Eq. (A18) as an example,
Hi(k) = Cy + A (koyto + kyor Ty — k;0.T)), (D20)

which commutes with the orbital SU(2) quasisymmetry. Here
we choose the eigenstates of H (k) to be the common eigen-
state of M3 = oyt, in Eq. (C2). It is equivalently to apply a
unitary transformation

1 1 —i
U=ESO®00®(1 i)’

to the R model, which only leads to a rotation in the (zy, 7y, T;)
subspace

UtiU" = 1o, Ut U’ = 7, Ut U = 7, Ut U’ = 1,. (D22)

(D21)

Therefore, the quasisymmetry M3 becomes UMUT = oyt,.
Note that the spin Pauli matrix is dropped here. As a result,
the linear ¥ Hamiltonian becomes

UIH (&) — Cold" = [Hi py=41 ()], 0 B[ Hi1 a= 1 ()]

_ <H1,M3=+1(k) 0 )
0 Him=—1(k) )’
(D23a)
Himy=+1(K) = A1 (ko + kyor — k;07), (D23b)
Himi=—1(K) = Ay (kyoy — kyo, + k.07). (D23c)

It is easy to analytically find the eigenstates of the
2-by-2 Hamiltonian H;j aq,=+1(k), in the spherical
coordinate  with the momentum Kk = (k;, k,, k;) =
k(sinf cos ¢, sinf sin¢, cos#). The eigenstates are given
by

1 .
— (i(cosO + 1), e ®sing)", (D24a)
V2T +cos@

1 .
— (i(cosf — 1), e ®sin6)", (D24b)
V2+/T=cosb

@,¢)— O+, 7 —¢)], then cosf —

—cosf,sinf — —sinb, e~ — —e'® into the above solution, it results in

Him=—1(K)|B—) = —Ak|B—), with |B—) =

Himy=—1(K)[B+) =

where the subscripts A(B) represent the eigenvalues +1(—1)
of the quasisymmetry M. Therefore, the eigenstate of H; (k)
are given by

(D26a)
(D26b)

H1(K)|Wap (0, @) = E4 |Wasp (0, 9)),
Hi(K)[Wasp-(0,9)) = E_|Wasp—(0, $)),

where E; = +Ak and the corresponding eigenstates are
given by

. 1 T
[Wa-(0,9)) = A=) ® <—% —2> ., (D27a)

\S)

Ak|B+), with [B+) =

ﬁ(z’(— cosf + 1), ¢ sin9)7, (D25a)
ﬁ(z’(— cosf — 1), ¢ sin6)7, (D25b)
[
[War (0, 9)) = |A+) ® (—% %)T (D27b)
|Wp_ (6. 9)) = 1B—) ® (ﬁ %)T (D27¢)
[Wp (0, ¢)) = [B+) ® (% %)T (D274d)

Due to the presence of the orbital SU(2) symmetry, one can
also find the common eigenstates of #;(k) and M -7 for
arbitrary real vector 7, which is a rotation acting on the solu-
tion in Eq. (D27). Thus, the eigenstate solution is not unique
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due to this twofold degeneracy, protected by the orbital SU(2)
symmetry. Note that the degeneracy will be doubled if spin
degeneracy is taken into account.

Similarly, we can further analytically solve H;(K) 4+ Hsoc
by using the U(1) quasisymmetry generator M3. The R model
in Eq. (A40) becomes

UHRU" =Ulso @ Hi(K) + Heoe + 50 @ Ha(K)IU'. (D28)

The first two parts, so ® Hi(k) 4+ Hgoe, preserve the or-
bital SU(2) symmetry, while some specific terms of the
k*-order Hamiltonian can break the SU(2) quasisymmetry
down to U(1). This shows the hierarchy structure of the
quasisymmetry, which will be discussed in details in Ap-
pendix D3. Here we focus on sy ® H(k) 4+ Hsoc, Which
becomes block-diagonal after this unitary transformation de-
fined in Eq. (D21),

k 0
Ulso @ Hi(K) + HsoelUT = Cy + <HA( ) >7

0 Hp(k)
(D29)

where the index A(B) represent the eigenvalues +1(—1) of
quasisymmetry M3, and H4 (k) and Hg(k) are given by

Ha(k) = A1so ® (kxay + kyax — k;0;)

+ Ao(sy0y + 5,0 — 5.07), (D30)
Hp(k) = A1so ® (kxay - kyax + k;07)
+ Ao(Sx0y — 8,0y + 5.07). (D31)

First, one can check that the Hamiltonian can be reduced back
to that in Eq. (D23) by setting Ao = 0. In addition, H4 (k) and
Hp(k) are related to each other by time-reversal symmetry,

Hp(k) = T[HA(-K)IT". (D32)

Here 7 = is,K with K the complex conjugate. Therefore,
we only need to solve the four eigenstates for H, (k). After
straightforward calculation, the four eigenenergies of 4 (k)
are given by

E(K) = Cy+ {£A 1k + Ao, £,/AIk? + 423 — Xo}.  (D33)

Drop the constant Cy for short, the two positive upper bands
are

EA7+(k) = Alk —+ )\,0, (D34a)
Ex_(k) = /ATK® + 427 — Ao, (D34b)

which both have increasing energy as k increases, and + are
the band index. Note we have assumed A; > 0. And we notice
that E4 +(k =0) = E4 _(k=0) and E4 (k) > E4 _(k) for
any nonzero k. It indicates that the SOC-induced gap between
them, E4 4 (k) — E4 —(k), approaches to 24y as k — 0o. By
time-reversal symmetry, the four eigenenergies of Hp(k) are
the same. Therefore, each state has twofold degeneracy at any
nonzero k. This is due to the presence of the orbital SU(2)
symmetry.

Moreover, we can also solve the eigen wavefunctions of
Ulso ® Hi(K) + HsoeJUT. For instance, for the two positive
upper bands of H4(k), the corresponding wavefunctions are

given by

|Ea.+ (k) = Eyx 1 (K)|Ex 4 (K)),

k
Hal ){|EA,<k>> = Es_(K)|Es_(K)).

(D35)

And the corresponding eigen wavefunctions are given by

By () = ( sk etk 1>T
= -1, ) - ) )
At Nar®\ 7 k—k k+k
(D36a)
1
Ei_(K) = ——((—Ak, — A E, _(k
|E4,—(K)) M,f(k)(l( 1k, — Ao + E4 —(K)),
x A1 (—k, +iky), A1 (—ik, + k), Ak, — Ao
+Ex (k)" (D36b)
where the normalization factors are
Na+(K) = 2k/, k2 + kyz, (D37a)
Ni—(k) = 2,/ (Es —(K))* — A2 (D37b)

In addition, we discuss the band index = that are actually
eigenvalues of symmetry. To show that, we emphasize that one
can also obtain the common eigenstates for H; (k) + Hsoc and
M - 7. As we discussed in Eq. (C12), there is a helicity-type
symmetry operator that commutes with (k) + Hsoc, Which
indicates the index =+ in the eigenstate solution |E4 +(K)) are
eigenvalues of (S 4 L) - 7ix. Explicitly, one can check that

[(S+ L) - fik]|Es +(K)) = |Eq 4 (K)), (D38a)
[(S + L) - fik]|Es,— (K)) = 0. (D38b)

It represents the eigenvalues of the z-component angular
moment of the total angular momentum at nonzero k.

3. Approach II: The U(1) quasi symmetry
protected nodal planes

As discussed in Appendix D 1, parts of the entire k*-order
Hamiltonian break the SU(2) quasisymmetry down to the
U(1) quasisymmetry. For example, we consider

Ha i (K) = keky(Cr - 1) X (i - T) + kik(Cp - i)

X (it - P) 4 kk,(Cg - )i - D), (D39)
which commutes with M - 7,
[M -7, Hp5(K)] = 0. (D40)

For an illustration, we can choose 7 = (0, 0, 1) without loss
of generality, so that M3 is the symmetry generator for the
remaining U(1) quasisymmetry. Therefore, we consider the
Hamiltonian H (k) that commute with M3 as

Hysr(K) = H1(K) + Hooe + Mo, (K), (D41a)
Hi(k) = Gyooro + 2A;1(k - L), (D41b)
Hsoe = 41o(S - L), (D41c)

Hom; (K) = g3 - J3 = (Cikiky, Cokik;, —Cikyk:)

- (0,70, 0xT0, 0y Ty), (D41d)
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where L, = %Uy‘ro, L, = %axry, L = _%ngy_ Notice that Therefore, after this unitary transformation, the U(1) qua-

M3 = oty is the quasisymmetry operator. It is easy to check sisymmetry generator M3 becomes

[M3, Hyr(k)] = 0. We next solve the common eigenstates p 0
of M3 and Hgr(K). To do that, we only need to diagonalize Z/{MgMSZ/{j\,t3 £ My = (OO o ) (D44)
the 7, term for H (k). In other words, we apply a unitary 0
transformation And we take this unitary transformation on the H, (k)
1 1 —i Hamiltonian and obtain
Unm, = —=50 Q00 ® | ; (D42) .
V2 : Unt, Hagsw UL, 2 Hgsr ()
which leads to the rotating in the (z,, 7,, 7;) subspace
Ups o', = 10, Upg, o, =1y, H', (k) 0
MM, T BB M T D -G +Blk2+< * o). (D45a)
Uy, = T Un, Tl = T (D43) 0 H.(k)
J
where
M, (K) = 50 ® [(Arky — C3kyk,)oy + (Aiky + Cokik,)o — (Ark, — Cikoky)o,] 4 Lo(sx0y + 5,0 — 5:07), (D46)
H/_ (k) =50 [(Alkx + C3k)’kz)a}' - (Alky - CZkaz)Gx + (Alkz + Clkxk}')az] + )LO(SXGy — 8y0x + SZGZ). (D47)

This means that we have chosen the eigenstates of H,z(k) to be the common eigenstate of M3 or M. Due to the presence
of the U(1) quasisymmetry, we dubbed H,sr as the quasisymmetric R model (“qsR”). Therefore, the subscript £ for H/, (k)
represent the different eigenvalues of M3 or M. Besides, H/, (k) and H’ (k) are related to each other by TR T = is, K with
K complex conjugate,

H (k) =TH (KT (D48)
Next, we compute the eigenenergy of the gsR model. The energy of the upper four bands are given by
E. (k) =Cy + Bik* + \/A$k2 + kagkf, + CIK2K2 + C§k§k§ — 2A,Ch.kyk, + Ao, (D49)
E, (k) =Cy+ B> + \/Asz + Clzk)%ky2 + CIk2K2 + Cgkfkf — 2A,Chykyk, + 422 — Ao, (D50)
E_ (k) =Cy+ Bik* + \/A%kz + Clzk%kf. + C3k2k? + C32ky2,kz2 + 24, Ckykyk, + Ao, (D51)
E_»(k) = Cy+ Bik* + \/A%kz + Clzkfkﬁ + C3k2K2 + C32ky2,kz2 + 24, Chykyk, + 423 — Ao, (D52)

where C = C; — C, + Cs. The gsR model breaks the Cs,(111) rotation symmetry because of C; # C, # Cs. Moreover, the & index
for E. ; means the eigenvalues of M,

Hosr(K)|Ex i(K)) = Ex j(K)|Exi(K)),  MglEx i(K)) = £[Ex ;(K)), (D53)
where i = 1, 2 is the band index. E ;(K) = E_ ;(—k) is required by TR symmetry. The quasisymmetry protected nodal planes
are given by

kekyk, > 0, E 1(K) = E_»(Kk),

kekyk, < 0, E4 o(k) = E_ 1 (K). (D54)
The crossings are between the bands with different eigenvalue of quasisymmetry M3 or My, and thus we find nodal planes at
generic momenta with the protection from the quasisymmetry M. By further imposing the Fermi energy constraint, there will
be nodal lines on the Fermi surface, shown in Fig. 7. In Fig. 7(a), the four Fermi surfaces are plotted in the I' — R — M plane,
where two inner FSs intersect with each other and generate the quasisymmetry protected exact crossings (marked as purple
circles). In Figs. 7(b) and 7(c), the solution of Eq. (D54) are explicitly depicted, showing the exact nodal lines on the FSs.

Next, let us discuss the terms that break the quasisymmetry. By including the remaining k?-order Hamiltonian Hs a4, (K) +
‘H2, pm, (K), the full Hamiltonian is given by

Hr(k) = Hyer(K) + Upnt, [Ha a1, (K) + Ha g, ROIU (D55)

where the U(1) quasisymmetry breaking terms are given by

Hoqsp(K) = Unt, [Ha a1, (K) + Ha pt, RONAL, = ( 0 owe H(z)), (Ds6a)
’ ’ ’ T \so @ H, 0
Hoy = Ci(kyk0o + keke0,) + Ca(—ikekyor + ikykso) + Cs (kekyor + ikokzor)
+(C1 + iC)kyk.00 + (C1 + iCheko0. + (—iCy + Cs ey 0. (D56b)

125145-26



HIERARCHY OF QUASISYMMETRIES AND ...

PHYSICAL REVIEW B 107, 125145 (2023)

0.10
0.05

> 0.00
-0.05

-0.10]

-0.15 k
-0.15-0.10-0.05 0.00 0.05 0.10 0.15 y

ky =k, ky

- — (b) E,(l)=E_,()=E  (c)

E+,1(k) = E—,z(k) = Ef

FIG. 7. The exact crossings of the eight-band gsR model. In (a), the Fermi surfaces with exact crossing are shown in the I' — R — M plane.
In (b) and (c), we show the exact nodal lines on the FSs. These nodal lines are protected by the U(1) quasisymmetry.

Therefore, we have

0 hoy(k)

[qu» HZ,qsh(k)] = 2(—/122)(1() 0 ) ?é O, (D57)

where

h@ay = (C1 + iC)kyk.00 + (C1 + iC3)kck:0

+ (—iCy + G3)kikyoy. (D58)
For this Hamiltonian, [Mg, H2 4(K)] = 0 only occurs for
k = (0,0, 0) (the R point). Therefore, for any Fermi surface
that does not cross the R point, the nodal planes will be
gapped. This leads to the quasisymmetry hierarchy mentioned
in the main text [see Eq. (10)],

Hscc szMi
SUs(2) x SU,(2) —— SU,(2) —— U,(1).
(D59)

More interestingly, as we discussed in Appendix D 1, we
have shown that the choice of H 4, is just one specific case,
instead, for any real vector 7 of H, ; that commute with M - 7i
(see Appendix D 1 for details) can generally lead to the same
quasisymmetry hierarchy results. Because we have

[M -7, 50 @ Hi(K) + Hsoc + 50 ® Haa(k)] =0. (D60)
Thus, one can conclude that this analysis for the reduction
from SU(2) quasisymmetry down to U(1) quasisymmetry is
general, which can help to protect quasinodal plane at generic
momenta.

To show this nodal plane due to the remaining U(1) qua-
sisymmetry in our Approach II more explicitly, we next
consider the perturbation to H; ; (k). Here we emphasize that
one can also obtain the common eigenstates for H; (k) + Hsoc
and M - ii. Different from Approach I in Appendix C, here
we take the eigenstate solution of sy ® (k) + Hgoc, and
do the perturbation for the k>-order Hamiltonian. Below we
choose 7 = (0, 0, 1) and the corresponding U(1) quasisym-
metry opeator is M -7 = Msj. Recall that H;(k) 4+ Hoc
becomes block diagonal after this unitary transformation de-

fined in Eq. (D21),

k 0
Ulso @ Hi(K) + Heoe U = Cy + <7‘[A( ) >’

0 Hp(k)
(D61)

where H,,p(k) are given by
Ha(k) = A1so ® (kxay + kyax — k;0;)

+ )"O(ngy + sy0x — 5:07), (D62)
Hp(k) = A1so ® (keoy — kyo + k.0;)
+ Ao(sy0y — 8,0 + 5.07;). (D63)

Again, note that the index A(B) represent the eigenvalues
+1(—1) of the quasisymmetry M3. Therefore, after this uni-
tary transformation, the U(1) quasisymmetry generator M3
becomes

¥ A (o)) 0
Up; Mally & Myg = . (D64)

0 —0)

The analytical solution for the two upper bands [i.e.,
Eq. (D36a)] of H;(k) + Hsoc in Appendix D 2 are given by

1 k, — ik, —ik, +k T
E k _ _.’ X y7 X y’ 1) ,
1Ea+ () NA,+<k>< "ok Tk Tk
(D652)
1
Ey _(K)) = i(— Ak, — Ao+ Eq (K
|Ea,—(K)) J\/}L_(k)(l( 1k; — Ao + E4 —(K)),
X Ay (—ky + iky), Ay (—iky + ky),
x Ak, — Mo+ Ea_ (k). (D65b)

where the index = in the eigenstate solution |E4 1 (k)) are
eigenvalues of (S + L) - 7ix for nonzero k. And the normal-

ization factors are given by Ny (k) = 2k/vk; 4k, and
Na_(k) =2+ (EA,_(k))2 — A(z). Moreover, note that they are

the two positive upper bands with eigenenergies,

Ea.(K) = Ak + Ao, (D66a)
Ex_(K) = \JA2K2 + 432 — ), (D66b)
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which have increasing energy as k increases. And, the eigen- and
states of the H (k) block can be related to those of H, (k) by
time-reversal symmetry, Hp(K)|Ep +(K)) = Ep +(K)|Ep +(K)), (D68)
|Ep +(K)) = T|Ea+(—K)), (D672)  here Es+(—K) = E4 +(k) has been used. Therefore, we
|Eg —(K)) = T|Es.—(—K)), (D67Db) have the four bands as a basis,
|
(LK)} = {(1,0)" ® |E4+(K)), (1,0)" ® |[Ex—(K)), (0, ) ® |Ep+(K)), (0, )" ® |Ep_(K))}. (D69)
In this basis, the H;(K) + Hgo is diagonal,
Hi(K) + Hsoe = Co + Diag[E4 1 (K), Ea —(K), E4 1 (K), Es —(K)]. (D70)

After straightforward calculation, we next project the k? term Hj aq,(k) onto the basis in Eq. (D69), and we arrive at the
quasisymmetry P model (gsP model) as

Ep 00+ A0 dyk) — ids(K) 0 0
N awrinmn B w0+ p 0 0
Harll) = 0 0 B0~ fik)  di(k)—ids(k) | 7
0 0 di06) +idsK)  Ef_(K) — f(k)

where E} (k) =Cy + B 1k? 4+ E, +(K). For the projected four-band gsP model, we check the protection from quasisymmetry
as

[Myg, Hysp(K)] = 0. (D72)
And all the other components are given by
~kckyk,
fHik) = _CT’ (D73a)
£(K) A, C kikyk: (D73b)
N 2 = —A] T —
VATK? 4 405
2(Ep,+(K) — By~ (K)k:ky K
di(kK) = . : -|C+ (G, - C = , D73
1(k) NoNo 1+ (G 3)k§+k§ (D73c)
2(Es 4 (K) — Es _(K)k.k Cok? + Csk?
dy(K) = ( A,+( ) A, (K))k k Carcy 3Ry (D73d)
N+ Na - k2 +k?
The eigenenergies of the gsP model are given by
1
Fup(®) = 5 [AE.(@k) + By (AE-(@K))? + Ey, ] (D74)
with @, B = £. And o = =+ are eigenvalues of M, and 8 = = are for the band index. Here we have defined
Eq,, (k) = 4[(d1(K))* + (d2(K))*], (D75a)
AEL(k) = E; (k) + fi(k) = (E; _(k) + f2(k)). (D75b)

Similar to the discussion for the nodal plane of the gsR model [see Eq. (D54)], the quasisymmetry protected nodal planes of the
gsP model are give by

kxkykz <0, EJr,*(k) = E*,Jr(k)’
kekyk. > 0, B4+ (K) = E__(K). (D76)

The crossings happen for bands with different eigenvalue of quasisymmetry M. We numerically check these exact crossings
on the I' — R — M planes, which is consistent with the results in Fig. 7(a).

4. Perturbation theory for tiny gap of the nodal plane in Approach I1

The above discussion on the nodal planes in the Approach II requires a choice of specific k>-order terms, but in real materials,
all the coefficients before the k>-order terms can generally be nonzero and at the same order. Thus, our current approach does not
directly explain the near nodal plane seen in real materials. We notice that we treat the SOC terms accurately in our Approach
II without any approximation, while the existence of near nodal planes in real materials actually require the SOC strength to be
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much smaller than the Fermi energy. Therefore, we below consider the limit of the SOC strength Ay < Akp (kg is the Fermi
momentum) in our Approach II, taking into account all nonzero k2-order terms.

Following the same procedure of the perturbation projection as in the last section, we project all the k*-order terms
Ho m, (K) + Ho i, (K) + Ha, aq,(K) onto the basis in Eq. (D69), and get the entire perturbation Hamiltonian,

Ep )+ AK)  dik)— ids(K) o) 22
| 4o +inm B a0+ pao o3(k) 24(k)
Haspsqun(k) = ¢ k) (k) B 00— fik)  dik) —ids(k) | o7
¢5(k) g5(k) ) +idyk) (k) — f(k)

Here the terms d, da, f1, f> have been given by Eq. (D73). In addition, the off-diagonal terms g, 2 3.4 are generally to open a gap
for the quasinodal plane. Because these off-diagonal terms break the quasisymmetry M. And, they are given by

Kok ok

gi(k) = (1—1) P (D78a)
o ~ Kk,
ga(k) = (i 1)A1C—EA’_ ) (D78b)
2
k) = Cy + iC3)keky (k> + k2)(Ey —(K) — Eq 4 (k

&2(k) (k3+ky2)M,+(k)NA,_(k)( 2 +iC3)keky (k7 + k) (Ex.— (K) — Ea 1(K))
+ (Cy + iC3)kek, (A1 kok* — ikyk(Ex (k) — Ep 1 (K)) — kk(Es —(K) — X))
+(Cy — iCy)kyk,(Arkyk® + ikok,(Ex—(K) — Ea 1 (K)) — kyk(Es —(K) — X9)), (D78¢)

2
k2 + k2) N 1+ (KN - (K)
+(C1 + iC3)hok (Arkk® + ikyk,(Es —(K) — Ey 1 (K)) — kek(Eg —(K) = X))
+(Cy — iC)kyk(Arkyk* — ik, (Ea —(K) — Ey 1 (K)) — kyk(Ex (k) — 20))}. (D78d)

g3(k) = ( {—(Ca + iC3)keky (k7 + k7)) (Ea,— (K) — Ey 4(K))

Here g3(k) = —g>(—k). The nodal planes are completely gapped out. Now we use perturbation to explain why the gap is tiny
by realizing that the SOC in CoSi is weak enough for doing a perturbation expansion for the coefficients f; »(k), d; 2(k), and
81.2.3.4(k). By setting Ao /A1kp — 0, we obtain

_ kckyk,
fik) = fok) = —C P (D79a)
di(k) = da(k) =0, (D79b)
s kekyk.
g1(k) = —g2(k) = (1 — i) P (D79¢)
g2(k) = g3(k) =0, (D79d)

for the zeroth-order terms. Please notice that only the diagonal energies Ej . that are eigenenergies of 5o ® 1| + Hsoc involve
the SOC Ag. As a result, the perturbation Hamiltonian in Eq. (D77) to the zeroth-order in Ay becomes

E; (&) + fi(K) 0 g1(k) 0
0 E; (k) + fi(k) 0 —1(K)
) — A,
Hysprqsn () = k) 0 Bl 00— 1K) 0 , (D80a)
0 —gi(k) 0 E; (k) — fi(k)
_ (B0t 00 s o (Fr-B0+ A0 —ai) (DS0b)
g1 (k) E; (k) — fi(k) —gik)  Ej (- fik)

where the diagonal terms are E} , (k) = Co + Bik* + Atk + Ao and E} _(k) = Co + Bik* + ,/AIk? + 413 — Ao. Thus, the
eigenenergies are given by

E1 (k) = Co + BIK + Atk + 20 £ Vil + g1 WP, (D81a)
Ep +(k) = Co+ Bik® + /AN + 423 — 1o = VAT + [g1(K)], (D81b)

which leads to the equation for the nodal-plane solution
Ei—(K) = E (k) = Atk — /AT + 422 + 200 = 2V/| i) + |31 (K) [, (D82)
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In the £ — oo limit, this equation becomes

k| o

o = VAP + g1k = V3C

Note that C > 0 in this paper. And it is exactly the same Eq. (C46) obtained from the Approach I in Appendix C. At small k,
they differs from each other. Moreover, the first-order correction from Ao will open a tiny gap for the nodal planes, which is
actually the second-order perturbation theory in Approach I. Based on this analysis, we conclude that the results of Approach II

is equivalent from those of Approach I.
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