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In this work, we investigate the electronic structures, spin Hall effects, and topological properties of the
superconductor YIr,, which crystallizes in the cubic Laves phase and contains two-dimensional (2D) kagome-
lattice planes. We find it has an intrinsic 3D flat band originated from two intersecting kagome-lattice planes. This
3D flat band gives rise to large intrinsic spin Hall conductivity, which suggests YIr, can be used for charge-spin
conversion devices. On the (111) surface, it has Dirac-cone type topological surface states in close vicinity of the
Fermi level. More importantly, they are distinct from the bulk states, indicating that YIr, is a promising candidate
topological superconductor to host Majorana zero modes. Our work provides an encouraging platform on which
to study flat band physics, spin Hall effects, and topological superconductivity.

DOLI: 10.1103/PhysRevB.110.075124

I. INTRODUCTION

Layered transition-metal kagome compounds have at-
tracted a lot of interest recently [1-11] in which the
transition-metal atoms form two-dimensional (2D) kagome
networks giving rise to exotic band topology including flat
band, Dirac point (DP), and massive Dirac fermion (MDF)
with gap opened by spin-orbit coupling (SOC), which lead
to many exotic quantum phenomena such as supercon-
ductivity and anomalous quantum Hall effects. In addition
to extensive theoretical studies [12-21], many experimen-
tal groups have directly observed these intrinsic features
through angle-resolved photoemission (ARPES) experiments
[22-27]. Furthermore, with time-reversal symmetry breaking
in kagome magnets, intrinsic anomalous Hall conductivity
originated from the MDFs has been discovered in some
kagome compounds like Fe;Sn, [28] and RMngSng (R =
Gd-Tm, Lu) [29,30]. Flat bands also lead to several other
emergent phenomena, for example, in-plane ferromagnetism
in Fes;Sn, [31], flat-band phonons in CoSn [32], and near-flat
band Stoner excitations in Co3Sn,S, [33].

Anomalous Hall effect in kagome lattice has been in-
tensively studied [28-30]. While it vanishes in the kagome
paramagnet and collinear antiferromagnet due to time-reversal
symmetry combined with the lattice translation symmetry
[34], spin Hall effect (SHE) can survive in these states [35,36].
The intrinsic spin Hall conductivity (SHC) is the integral of
spin Berry curvature (SBC) in the whole Brillouin zone (BZ)
according to the Kubo formula [see Eq. (1) below] [37]. Large
intrinsic SHC has been predicted to exist in materials with
multiple gapped crossings in their band structures, which can
create strong SBC around them [38]. Therefore, the flat band
and MDF of the kagome lattice can have continuous small
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band gaps which can serve as a source of large SBC and lead
to large intrinsic SHC.

The main feature of the kagome lattice can be derived
from the 2D nearest-neighbor tight-binding (TB) model [1].
However, in real materials, most kagome compounds have
non-negligible interlayer coupling, which prevents the band-
width of the flat band from approaching zero. More than
60 years ago, a series of cubic Laves phase compounds, the
so-called pyrocholore crystals, were synthesized and some
of them were reported to possess superconductivity [39,40].
They are mainly composed of corner-sharing tetrahedrons and
contain 2D kagome-lattice planes, which can be viewed as
a three-dimensional (3D) analog of the kagome lattice (see
Fig. 1). Recently, through a combination of ARPES, theo-
retical model, and first-principle calculations, two research
groups have independently reported the electronic structures
of the pyrochlore metals CeRu, [41] and CaNi, [42]. For
example, Huang et al. found flat bands with extremely small
band width around the Fermi level (Er) and 3D DPs in CeRu,.
The flat bands come from the 3D destructive interference
[43,44] and the 3D DPs are protected by the lattice symmetry
[45]. This platform greatly enriches flat band physics and the
related transport properties and topological states of matter are
very interesting to study further [46—48].

In this work, through first-principle calculations, we inves-
tigate the electronic structures, SHEs, and topological surface
states of the cubic Laves phase compounds YX; (X = Co, Rh,
Ir). We find that the band structures of these three compounds
possess intrinsic 3D flat bands, 3D DPs, and MDFs (with
SOC). In particular, both flat bands and MDFs are very close
to Er in YIr2. The calculated intrinsic SHC results show
that YIr, has the largest intrinsic SHC among the three com-
pounds. The large intrinsic SHC originates from the flat bands
and can be attributed to a combination of the more extended
Ir 5d orbitals, the stronger SOC strength of Ir, and the unique
flat band distribution. Combined with the superconductivity
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FIG. 1. Crystal structure and Brillouin zone (BZ) of YX, (X =
Co, Rh, Ir). (a) The crystal structure. (b) The schematic diagram of
three-dimensional (3D) analog of the kagome lattice, in which the
red dashed lines mark the (111) crystal plane and highlight the 2D
kagome lattice plane. (c),(d) 3D BZ and projected (111) surface BZ.

of YIr,, the inverse spin Hall effect (ISHE) could be greatly
enhanced. These two features enable YIr, to be further ap-
plied in spintronics devices. Last but not least, we study the
topological properties of YIr, and we find that YIr, possesses
Dirac-cone type topological surface states very close to Ep
on its (111) surface, which combined with superconductivity
can realize topological superconductivity. Our works provide
a great platform to study flat band physics, SHE, and topolog-
ical superconductivity.

II. METHODS

We perform density functional theory (DFT) calculations
as implemented in the Vienna ab initio simulation pack-
age (VASP) [49] to study the electronic structures of cubic
Laves phase compounds YX, (X = Co, Rh, Ir) by using
the projector augmented wave method. We use the Perdew-
Burke-Ernzerhof (PBE) exchange correlation functional. The
cutoff energy of the plane-wave basis is set to be 500 eV. The
experimental lattice parameters are used in all our calculations
[39,40]. In order to investigate the intrinsic SHCs of YX,, we
use the maximally localized Wannier function (MLWF) meth-
ods implemented in WANNIER9O0 [50] to construct Wannier TB
models. Based on the TB models, we calculate the intrinsic
SHCs [51] by employing the Kubo formula
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in which f,; is the Fermi-Dirac distribution of the nth band,
Qr’:’aﬂ (k) is the spin Berry curvature (SBC) (a, 8, y = x, ), 2),
j¥ =1/2{v,, s7} is the spin current operator with the spin
operator s” and the velocity operator v,, and the eigenvalue of
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FIG. 2. Electronic structure of YIr,. (a),(b) The band structures
without and with spin-orbit coupling (SOC), respectively, in which
the green dashed boxes, blue arrows, and purple arrow highlight
the flat bands (FBs), the Dirac points (DPs), and the massive Dirac
fermion (MDF), respectively. (c) Total and orbital-resolved density
of states (DOS) without and with SOC. (d) Ir 5d orbital-resolved
DOS with SOC.

the Bloch function v, is E,. As for the topological proper-
ties, we use WANNIERTOOLS [52] to calculate the surface states
and the Wilson-loop spectra of YIr, based on its TB model.

III. RESULTS AND DISCUSSION

A. Crystal structure and electronic structure

The crystal structure and BZ of YX; (X = Co, Rh, Ir)
are shown in Fig. 1. YX, belongs to the pyrochlore lattice
and crystallizes in the cubic Fd3m (No. 227) space group.
The corner-sharing tetrahedrons, which are composed of X
atoms, form the 3D analog of the kagome lattice. The struc-
tural feature of the 2D kagome lattice plane can be clearly
seen if viewed from above along the [111] direction (or other
equivalent directions) and it is indicated by the red dashed
lines in Fig. 1(b).

We first investigate the electronic structure of Ylr, (the
electronic structures of YCo; and YRh; are shown in Supple-
mental Material Fig. S1 [53]). As illustrated in Refs. [41,42],
the calculated results of the TB model prove the existence
of intrinsic 3D flat bands due to the 3D destructive interfer-
ence and 3D DPs protected by the lattice symmetry in the
pyrochlore lattice. The band structure of YIr, without SOC
shown in Fig. 2(a) clearly exhibits the flat band along I'-L-U
and W-L-K paths and DPs at X and W points. Once SOC is in-
cluded, the DP at X point still exists due to the combination of
nonsymmorphic and symmorphic symmetries [41], whereas
the DP at W point is gapped [Fig. 2(b)]. The large SOC
strength of Ir not only makes the flat band now distributed
along the K-T'-L path, but also pushes it closer to Er. The
intrinsic flat band plays a crucial role in the intrinsic SHC of
Ylr,, as we will illustrate below. We plot the density of states
(DOS) of YIr; in Figs. 2(c) and 2(d). The main contribution
around Er comes from Ir 5d orbitals. Comparing the results
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FIG. 3. Calculation and detailed analysis of intrinsic spin Hall conductivity (SHC) of YX, (X = Co, Rh, Ir). (a) The calculated intrinsic
SHC o, of YX; (X = Co, Rh, Ir), in which the red, green, and blue curves represent YCo,, YRh;, and YIr,, respectively. (b) The schematic
diagram of Bogoliubov quasiparticle-mediated inverse spin Hall effect (ISHE) in superconducting YIr,, in which the Jg, Jo, BQP, CP, pgqp,
and psug denote the spin current, ISHE-induced Bogoliubov quasiparticle current, Bogoliubov quasiparticle, Copper pair, the resistivity of
Bogoliubov quasiparticle, and the spin Hall resistivity, respectively. The arrow on the left indicates the cooling process in the same sample.
(d),(g) (111) k-plane momentum resolved spin Berry curvature (SBC) at Er. The cyan solid lines represent the BZ’s boundary and are also
drawn in (c),(f), respectively. The unit of the SBC color bar in (d),(g) is A2 (e),(h) Momentum- and energy-resolved SBC along high symmetry
paths. The corresponding high symmetry points are shown in (c),(f), respectively. In (e), the main contribution of intrinsic SHC is highlighted

by the blue lines.

without SOC and with SOC, it can be seen that SOC causes
obvious DOS peak splitting near Er, which is consistent with
the changes in the energy position of flat bands [Figs. 2(a) and
2(b)]. As for Ir 5d orbitals, all five orbitals have significant
contributions near Er, especially dy. ..

B. Spin Hall conductivity

Now we turn to the SHE of YIr,. We calculate the intrinsic
SHC:s of three pyrochlores YX, (X = Co, Rh, Ir) and show
the results in Fig. 3(a). Due to the lattice symmetry of the py-
rochlore lattice, SHC is isotropic in YX5; hence we only show
one component oy, in Fig. 3(a). Their values of intrinsic SHC
at Ep are —19.3, —11.3, and —269.4 (fi/e)(Qcm)~!, respec-
tively. Comparing to the other two compounds, the intrinsic

SHC of Ylr; is one order of magnitude larger around Ep. It is
important to trace the origin of this huge enhancement.

Since the intrinsic SHC is the integral of the SBC in the
whole BZ [Eq. (1)], we plot the (111) k-plane momentum
resolved SBC at Er in Figs. 3(d) and 3(g) [the results of
other (111) k planes are shown in Supplemental Material
Fig. S4 [53]]. Note that the intrinsic SHC is negative; the main
contribution to the large (absolute value) intrinsic SHC in YIr;
comes from the large blue area of negative SBC around the I"
point in the (111) &k plane shown in Fig. 3(d). We further plot
the momentum- and energy-resolved SBC along high sym-
metry paths in Fig. 3(e). The aforementioned large negative
SBC originates from the flat band along the I'-K path. This flat
band is mainly responsible for the significantly enhanced SHC
in YIr,, as evident in the comparison with the momentum- and
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FIG. 4. Surface states on the (111) surface and the Wilson-loop spectra of YIr,. (a) Surface states along the M-T'-K path. (b) 2D surface
states at a constant energy E,.. = Er 4+ 25 meV highlighted by the green solid line in (a). The spin textures are indicated by the green arrows.
(c) The primitive cell of YIr, with atom labels. (d) The band structure with the on-site energy modulation of a tight-binding (TB) model that
we shift all the on-site energy of d orbitals of Ir3 and Irl1,2,4 by 3 and —pu, respectively. The gapped DPs at X points are highlighted by
the green dashed circles and the cyan dashed line represents the Fermi curve. (e),(f),(g) The Wilson-loop spectra along the T'-M path without
modulation, with © = +20 meV and —20 meV, respectively. In (e), the green dashed lines and arrows indicate the projection positions of
the Dirac points which make the Wilson-loop bands not well defined. The black arrow highlights the topologically nontrivial feature of the
Wilson-loop bands. In (e),(f),(g), the black dashed lines represent the reference lines. The positions of T" and M are (0,0,0) and (0.5,0,0.5) in
the units of the reciprocal lattice vectors of the primitive cell, respectively.

energy-resolved SBC of YCo, and YRh; shown in Supple-
mental Material Figs. S2 and S3 [53]. In addition, the more
extended Ir 5d orbitals and the stronger SOC strength of Ir
lead to relatively fewer bands near Er in YlIr,, which in turn
result in less positive offsetting SBC for the intrinsic SHC of
YlIr,. This is the other important reason why the (absolute)
intrinsic SHC value at E in Ylr, is significantly larger than
that of YCo, and YRh,.

We also notice that the MDF at the W point happens to be
around Ep. Similar situations have received a lot of attention
in kagome materials such as RMngSng, in which the quasi-2D
MDFs are believed to play a decisive role in the intrinsic
anomalous Hall conductivity [29,30]. As shown in Figs. 3(g)
and 3(h), because the top of the lower MDF is intersected
by Er, the MDF contributed SBC is very large around the
W point. However, the sign of SBC around the W point is
opposite to that of intrinsic SHC. Nevertheless, the integral
area is so small that the MDF does not make an important
contribution to the intrinsic SHC in YIr;.

While the intrinsic SHC of Ylr; is not as large as some
other well-known materials like «- and B-W [54], and Pt
[51,55], Wakamura et al. [56] found that, in the supercon-
ductor NbN, the spin transport was mediated by Bogoliubov
quasiparticles instead of electrons [Fig. 3(b)]. The spin cur-
rent Jg with spin-polarization direction s controlled by the
external magnetic field H is injected into the material. In the

superconducting state, Bogoliubov quasiparticle (BQP) cur-
rent Jp can be induced by ISHE in the conversion region
whose direction is determined by Jg x s, while outside the
conversion region, BQPs form Cooper pairs (CPs). When the
sample is cooled down, the number of BQP decreases and
the number of CP increases, resulting in an enhancement
of the resistivity of BQP (ppgp) as well as the spin Hall
resistivity (psye) [56]. Before their work, relevant theoret-
ical research also indicates that the output signals induced
by SHE are greatly enhanced in the superconducting states
[57]. Since YIr; is a cubic Laves phase superconductor with
T, equal to 2.18 K [39], these findings indicate that YIr,
is a potential platform to realize large intrinsic SHC and
superconductivity-enhanced SHE/ISHE and hence could be
used in spin electronic devices. In the normal state, YIr, can
be a good spin-current generator whereas, in the supercon-
ducting state, it could serve as a sensitive spin-current detector
[56,58,59].

C. Topological surface states

Last but not the least, we calculate the surface states on
the (111) surface of YIr, as shown in Fig. 4(a). We find
Dirac-cone type surface states centering at the T’ point just
above Er. We further calculate the constant energy surface
states at E,. = Er +25 meV as shown in Fig. 4(b). The
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resulting spin-helical surface states form a 7w Berry phase en-
closed and indicate its nontrivial topological properties [60].
It is interesting to know whether they are protected by the
topological invariant Z, [61,62] due to the existence of time
reversal symmetry and inversion symmetry. To this end, based
on the Fu-Kane criterion [62], we need to know the parity
product of all the electronic states at eight time-reversal-
invariant momenta below E for insulators or a Fermi curve
for (semi)metals whose “Er” is momentum dependent [63].
However, in the case of YIr,, the relevant Fermi curve for the
corresponding occupied number passes through the DP at the
time reversal invariant momentum (TRIM) X point and the DP
along the I'-X path (Fig. S8) [53], both of which are protected
by the crystal symmetry, making the Fermi curve ill-defined.
As aresult, we switch to the Wilson-loop method to clarify the
topological properties of YIr, [64—66]. While the Wilson-loop
bands in Fig. 4(e) are also not well-defined at the projection
positions of the DPs, we can still see a topologically nontrivial
feature [highlighted by the black arrow in Fig. 4(e)], which
suggests the existence of the topological surface states if we
neglect the singularities.

In order to characterize these topological surface states
with the Z, index, we modify the on-site energy of Ir 5d
orbitals in the TB model of YIr, to gap the DPs at the X
point and along the I'-X path. As described in Ref. [46],
we shift the on-site energies of 5d orbitals of Ir atoms 14
by —u, —u, 3, and —pu, respectively, which breaks the Cy4
symmetry. We take p as 20 meV and plot the band structures
in Fig. 4(d). The DPs at X points and along the I'-X path
are indeed gapped, whereas there is no significant difference
elsewhere between the band structures with u = 20 meV.
We calculate the Wilson-loop spectra for the modulated TB
models [Figs. 4(f) and 4(g)]. Surprisingly, we find that the
reference lines cross the Wilson-loop bands odd and even
times, respectively, which means that for © = 20 meV there
is only one surface Dirac cone located at the T point, whereas
for © = —20 meV, except for a surface Dirac cone at the T
point, there is an additional surface Dirac cone at the M point.
This is in agreement with the calculated Z, index: (1;111) for
@ =20 meV and (0;111) for u = —20 meV (see Fig. 8 in
Appendix D) [61], which means for i = 20 meV (—20 meV),
the modulated system is in a strong (weak) topological in-
sulator phase. The above results indicate that, although these

J

two ways of modulation bring similar band structures around
the X point, the parities of the highest occupied state at the
X point under the Fermi curve are different [53,62]. Nev-
ertheless, with or without perturbation, the Dirac-cone type
topological surface states at the I" point are robust (Fig. 9 in
Appendix D). These features make YIr, a potential platform
to study topological superconductivity [67—69] and topologi-
cal phase transition upon crystal distortion [46].

IV. CONCLUSION

In conclusion, we find that the electronic structure of the
cubic Laves phase superconductor YIr, shows interesting in-
trinsic features, i.e., 3D flat bands and MDFs very close to E.
Compared to the other two compounds YCo, and YRh;, YIr;
has the largest intrinsic SHC originating from the flat bands,
which is mainly due to the more extended Ir 5d orbitals, the
stronger SOC strength of Ir, and the unique flat band distribu-
tion. In addition, the SHE in YIr; could be greatly enhanced in
the superconducting state. These two features enable Ylr; to
be further applied in spintronics devices: in the normal state,
YIr; can be used for charge-spin conversion devices, while in
the superconducting state, YIr, could serve as a sensitive spin
detector. Finally, we investigate the topological properties of
YIr, and we find that the Dirac-cone type topological surface
states are very close to the Fermi level and they are distinct
from the bulk states, which means that YIr, is a potential
platform to study topological superconductivity. Our work
provides a great platform for studying flat band physics, SHE,
and topological superconductivity in the cubic Laves phase
superconductor.
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APPENDIX A: PHYSICAL ORIGIN OF THE THREE-DIMENSIONAL FLAT BAND
IN THE PYROCHLORE LATTICE

In order to explore the physical origin of the three-dimensional (3D) flat band in YIr, [Figs. 2(a) and 2(b)], we establish the

effective tight-binding (TB) model as the following process [41].

Because the pyrochlore lattice is formed by Ir atoms in YIr,, we take the primitive vectors of the lattice as a = (2, 0, 2),
b=(2,2,0),and c = (0, 2, 2). The primitive cell contains four atoms that are A1 = (0,0,0), A2 = (1,0,1), A3 = (1,1,0), and A4

= (0,1,1), whose schematic diagram is shown in Fig. 5(a).

We first consider the Hamiltonian without spin-orbit coupling (SOC). The Hamiltonian without SOC is defined as

Hy = —t ZC;C]'
(i)

(AD)

in which ¢ is the nearest neighbor hopping term; clT represents the operator creating an electron at site i. We handle the simple
situation here that the Hamiltonian only contains a single orbital which is isotropic (so does the hopping term) and only the
nearest neighbor hopping is considered. The complex situation about the anisotropic d orbitals is discussed in Ref. [42].
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FIG. 5. (a) Schematic diagram of the pyrochlore lattice, the calculated band structures of effective tight-binding (TB) model (b) without
spin-orbit coupling (SOC), and (c) with SOC.

We next transform Hj into momentum space and the Hamiltonian matrix Hy(k) can be written as

€ cos(k, +k;) cos(ky +k,) cos(k, + k;)
cos(ky, + k;) € cos(k, —k;) cos(k, —k,)
Ho(k) = —21 ¢ 0 o g (A2)
cos(k, +k,) cos(ky, — k;) €0 cos(k, — k;)
cos(ky +k;) cos(k, —k,) cos(k, —k;) €0

in which ¢ is the on-site energy of the orbital.

We take t = 1 and €y = O here. By diagonalizing Hy, we can obtain the eigenvalues and eigenstates. The calculated band
structure is shown in Fig. 5(b). We can find the flat band (double degeneracy) located along the whole k path at E = 2. In order
to explore the physical origin of the 3D flat band, we analyze the eigenstates of the flat band which are

_ (sin(ky —ky)  sin(ky + k;) 0.1
© \sin(k, + k)" sintk, + k)" )’

_(sin(ky — k) sin(k, + ky) Lo
-~ \sin(ky + k)" sintke+ k)" )

(A3)

Taking v, as an example, the flat band can be considered as originating from the destructive interference of the three nonzero
components, i.e., the flat band in the 2D kagome lattice formed by Al, A2, and A3 atoms [Fig. 5(a)], which is disconnected
with the other parallel kagome planes due to the zero probability in the remaining fourth component. Thus we can know that the
physical origin of the flat band in the pyrochlore lattice can be seen as that of two nonparallel kagome lattices.

We further consider that the SOC term and the Hamiltonian of the SOC part is

+ bij x djj
Hype = N2i0 ) (c;gugw,c o + H.c.) (A4)
el |bij x d;jl
jloo
in which A is the SOC strength, i and j represent sites i and j (not the one on the left side of A, which is a unit imaginary
number), b;; is the vector which connects the center of the tetrahedron which is formed by A1-A4 atoms to the midpoint of the
bond connecting nearest neighbor atoms A7 and A j, d;; is the vector which connects nearest neighbor atoms Ai and Aj, o and
o' are the labels of spin, and o, is the Pauli matrix.

Then we can transform the total Hamiltonian into momentum space and the Hamiltonian matrix H (k) can be written as

H(k) = hx2 @ Hy(k) + Hsoc (k) (A5)

in which I, is the 2 x 2 identity matrix and the Hg, (k) is

0 2cos(ky+k:) 0 0
' —2costky +k 0 0 0
Hgoc (k) =id(oy — o) Q COS(Ox + z) 0 00
0 0 0 0

0 0 2cos(ky+ky) O

FIHEOH O g cosh, +k) 0 0 0

0 0 0 0
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0 0 0 2cos(ky+k;)
+ir(o, —0y) ® 8 8 8 8
—2cos(ky+k) 0 O 0
0 0 0 0
+ir(—oy —0,) ® 8 —Zcos((;cy —k) ZCOS(]E) “ 8
0 0 0 0
0 0 0
ot o ® 8 8 8 2COS(k —ky )]
0 —2costky —ky) O
0 O 0
+iA(—0; —0,) ® 8 8 8 2cos(lg — k) (A0)
0 0 —2costky—k;) 0
in which
o B i S "

We take A = 0.05 and plot the band structure with SOC in Fig. 5(c).

APPENDIX B: EFFECTIVE k - p MODEL FOR A MASSIVE
DIRAC FERMION AROUND THE W POINT

In order to confirm the gapped crossing at the W point is
the massive Dirac fermion (MDF) [Fig. 2(b)], we construct
the effective k - p model Hy.,, (considering SOC) for the states
around the W point by VASP2KP [70]:

A, 0 C D
o A E F
D* F* 0 A

in which

Al =ai+as + (1 + )k + (s + en)(k; + £,
Ay =a) — a3+ (cy — c3)k; + (cs — en)(ky + k),
C=(0by—bs+bs-i+bs-Dky+(bs+bs—b-i
+ by - D)k, + (c4 — ce +c5 -1+ 7 - Dk,
+ (=5 —c7+ca - i+ cs - Dk,
D= (by—bs—by-i—by-idky+(—by—bs—b3-i
+ bs -k, + (cs —c7 —ca - i — c6 - Dkyky
+ (c4+co+cs5-1—c7-Dkiky,
E=(b3+bs—by-i+by-i)ky+ (by —by+b3-i
+ bs - i)k, + (¢c5 +c7 —ca i+ co - Dk,
+ (—c4+c6 —cs5 -0 —c7-D)keks,
F=({by+bs+bs-i—bs-i)ky+(=bs+bs+Dby-i
+ by - Dk, + (cs +c6+ 51— c7- Dk,

+ (c5 —c7 —c4 - i — co - Dkiky, (B2)

(

and the parameters in the expressions are a; = 7.4119 eV,
a3 = —0.0144 eV, by = —0.371 eV A, by = —0.3464 eV A,
by = 0.6583 eV A, bs = 0.7051 eV A, ¢; = —8.0529 eV A2,
c3 = 1.8959 eV A2, ¢y = 1.2978 eV A2, 5 = 1.2119 eV A2,
ce=—1.8185 eVA2 ¢;=-19478 eVA?2 5=
2.8786 eV A2, and ¢1; = 0.4346 eV A2,

By diagonalizing Hy.,, we can obtain the eigenvalues and
the dispersions are plotted in Fig. 6 to be compared with the
VASP calculated results, which are in good agreement with
each other around the W point. In order to confirm whether
the eigenstates obey the massive Dirac equation, we transform

7.5

7.44 -

k.p model
VASP

74

7.38

Energy (eV)

7.34

7321

7.3

U < w > L

FIG. 6. Calculated dispersion of the k - p model (red) and VASP
(blue) results around W point of YlIr,. The black dashed line repre-
sents the Fermi level (Er).
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FIG. 7. Fatbands with spin-orbit coupling (SOC) of YIr,.
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FIG. 8. (a),(b) Band structures considering SOC of YIr2 with and without the on-site energy modulation of a tight-binding (TB) model,
respectively, in which the cyan dashed lines represent the Fermi curves, the green dashed circles highlight the DP in (a), and the gapped DP in
(b) at the X point. The purple dashed circle in (a) highlights the crossing between the two bands with different irreducible representations DTg
and DT which is gapped in (b). (c),(d) The Wilson-loop spectra for six time reversal invariant planes (TRIPs) in which the red dashed lines

represent the reference lines.
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Hy., into

A, C 0 D

|l A Er 0
Hep= 109 E A, F (B3)
D* 0 F* A

We neglect the second-order terms and further write Hy.,
as

Hip=ay - Iixa

as urky 0 D(ky, k.)
n uik_ —aj E*(ky, k;) 0
0 E(ky, kz) as u2k+
D*(ky, k;) 0 uyk_ —as
+ o(k?) (B4)

in which wu; = (by — by) + (b3 +bs) i, up = (b3 — bs) —
(by + by) - i, and k. = k, £ k; - i. This is nothing but the mas-
sive Dirac equation with anisotropy in the k, ; plane and the
constant mass term a3 plus the k,.-dependent mass terms.
Similar situations can be seen in Refs. [71,72].

APPENDIX C: FATBANDS OF YIr;

We plot the fatbands of YIr, with SOC in Fig. 7. Besides
the flat band of interest in the main text along the K-I"-L path
contributed by all the Ir 5d orbitals and massive Dirac fermion

at the W point mainly contributed by the Ir 5d,.,. orbitals, we
find that the Y 4d,, orbitals also make a contribution around
the T" point (hybridized with the Ir 5d orbitals), but they do
not significantly break the flat band originating from the 3D
destructive interference of the Ir-atoms network.

APPENDIX D: TOPOLOGICAL PROPERTIES OF YIr,
WITH THE ON-SITE ENERGY MODULATION

We first try to define the Fermi curve [63] indicated by
the cyan dashed line in Fig. 8(a) to calculate a Z, topological
invariant [61,62] of Ylr,, but it will cross the DPs at X point
and along I'-X path, making the Fermi curve ill-defined. The
latter one is the crossing between the two bands with different
irreducible representations DT and DT; [73] (protected by
C4 symmetry).

So, as mentioned in the main text, we induce the on-site
energy modulation of Ir 5d orbitals in the TB model of YIr;
to break those DPs and, in Fig. 8(b), we can find that the above
mentioned DPs are gapped. We next calculate the Wilson-loop
spectra to get Z,. It is known that the odd (even) crossing times
of the Wilson-loop bands and the reference line indicating v,
for this time reversal invariant plane (TRIP) is equal to 1(0)
[64,65]. Therefore, we can get Z, = (1;111) for © = 20 meV
and Z, = (0;111) for u = —20 meV [61].

Now, we look at the results of the surface states (Fig. 9)
and we can find that, with different ways of modulation or

(a) U =+20meV (b) u =—20meV (© u=—20meV
0.2 8 0.2 8 0.1 — 8
[ \‘ s
_ 01} 6 o1} 6 0] ‘ 6
> > >
2 ) 4 2 01! \/ 4
& 0| & 0r &
] 2 ] 2 g 02t v 1H 2
& & S
0.1 0 0.1 § 0 03 ~H o
0.2 B B 02 L -2 0.4 L L !_ D
M M M r K
(d) _ (H
Esre = Ep + 15 meV Egrc = Ep — 310 meV
0.1 8 8 8
0.05 L 6 6 6
= 4 4 < 07 bl 1 4
3 0 3 M-
2 2 2 v 2
-0.05 0 0 0
-0.1 -2 -2 -2

-0.1 -0.05 0 0.05 0.1

K1 (1/A)

0.1 -005 0
K1 (1/R)

0.05 0.1

Ky (1/A)

FIG. 9. Surface spectral function (a),(b),(c) and constant energy surface (d),(e),(f) on the (111) surface with the on-site energy modulation
of the TB model of YIr,. For (a),(d) and (b),(c),(e),(), u is equal to 20 meV and —20 meV, respectively. The constant energy we set in
(d),(e),(f) are highlighted by the green solid lines in (a),(b),(c), respectively. The spin textures in (d),(e),(f) are indicated by the green arrows.
The surface Dirac cone at the M point in (c) is highlighted by the purple dashed box.
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without modulation (Fig. 4), the Dirac-cone type topological
surface states at I' point are robust [Figs. 9(a) and 9(b)] and
the surface states all exhibit spin-helical features [Figs. 9(d)
and 9(e)] which indicate the nontrivial topological properties.

As shown in Fig. 4(g) in the main text, the reference line
crosses the Wilson-loop bands even times which means that
there must be another surface Dirac cone at the M point when
u = —20 meV; this feature can be found in Fig. 9(c).
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