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Topological nodal surface semimetals are a class of materials characterized by degenerate conduction and
valence bands on closed nodal surfaces in the Brillouin zone that are protected by crystalline symmetries. These
materials attract considerable attention for exhibiting intriguing, topologically driven quantum phenomena that
are fundamentally interesting and practically useful. Here we identify by systematic ab initio calculations and
topological quantum chemistry analysis prominent topological nodal surface semimetal states in SrsX3(X = As,
Sb, Bi) compounds in hexagonal P6;/mcm (D},) symmetry. These nodal surface states comprise degenerate
the highest occupied band and the lowest unoccupied band that overlap in a single band at the k, = £ plane
and are protected by time-reversal and nonsymmorphic twofold screw rotation symmetry. Topological quantum
chemistry theory analysis reveals a twofold band degeneracy without spin-orbit coupling at the high-symmetry
and generic k points located at the k, = +m plane, which is formed by the bands of (A; & B,)@6g band
representations. Since the compounds studied here have been already experimentally synthesized, the present
results have an immediate impact on the experimental detection and characterization of the theoretically

predicted topological physics.
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I. INTRODUCTION

Searching for new phases of topological materials has been
an active area of research in materials physics and related
fields, because these materials exhibit interesting fundamental
physics phenomena and hold promise for innovative device
applications [1-5]. Since the discovery of the topological in-
sulating phase, the concept of nontrivial band topology has
been extended to band crossing phases such as topological
metals and semimetals [6-10]. After theoretical prediction
and experimental realization of Weyl and Dirac semimetals
holding nontrivial band crossings in the vicinity of the Fermi
level protected by certain symmetries [11-14], topological
semimetals have received great attention in materials science
and condensed matter physics.

Generally, topological semimetals are classified into dif-
ferent types based on the number of the band degeneracy and
the dimensions of the band crossing point in the first Brillouin
zone (BZ) [15]. In the former case, the topological semimetals
are categorized as Weyl semimetals with isolated Weyl points
[11,12], Dirac semimetals with a Dirac node [13,14], and
topological nodal line semimetals [16—19] hosting a contin-
uous line of node or ring in the first BZ or higher-order band
degeneracy, such as triply degenerate [20] and six- or four-
fold band degenerate semimetals [21,22]. In the latter case,
these materials can be divided into nodal point semimetals

“wijt@aphy.iphy.ac.cn

2469-9950/2022/105(24)/245152(6)

245152-1

with zero-dimension band crossing, such as in carbon-based
topological semimetals [23-26], nodal line semimetals with
one-dimensional band crossing along a certain line [27-31],
and nodal surface semimetals with two-dimensional (2D)
band crossing in the first BZ [15,32-37].

Based on symmetry protection mechanisms, nodal surface
semimetals are further categorized into two types [35]. Type I
is protected by inversion, time-reversal, and sublattice sym-
metry as reported in carbon allotropes [32]. Nodal surface
semimetals protected by time-reversal, inversion, and twofold
screw symmetry in the absence of spin-orbit coupling (SOC)
are termed as type-II nodal surface semimetals [35], which
were first proposed to exist in hexagonal BaMX; (M =V,
Nb, and Ta; X = S or Se) [33] systems, where a single nodal
surface is robust without SOC and converted to a so-called
Dirac nodal line with SOC. Later on, nodal surface semimetals
were reported in K¢YO4 [35] and a family of X (MoS);(X =
K, Rb, and Cs) compounds [36], in which a considerable
band gap opens with the inclusion of SOC. More recently,
spin-polarized type-II nodal loop and nodal surface states
have been reported in a XTiO,(X = Li, Na, K, Rb) fam-
ily of hexagonal compounds [15]. Meanwhile nodal surface
semimetals along with a nodal loop have been investigated in
the Ti3 Al family of materials [38] and Zr;X (X = Al, Ga, In)
compounds. These topological semimetal states are expected
to hold interesting topological physics and potential device
applications. To investigate these features, from the materials
point of view, the main conditions are that the band degener-
acy should be close to the Fermi level and there should be no
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extra bands nearby. In addition, for experimental realization
and practical application, the material should be stable and
easy to synthesize. To meet these requirements, there is an
urgent need to identify materials suitable for studying nodal
surface topological semimetal states.

In this work, we examine binary compounds SrsX3(X =
As, Sb, Bi) that have been experimentally synthesized,
and their crystal structures are characterized in hexagonal
phase with P63/mcm (D},) symmetry [39-41]. Based on
ab initio calculations and topological quantum chemistry
(TQC) [42] theory analysis, we identify a topological nodal
surface semimetal state in these compounds. The nodal sur-
face state is formed by the crossing of the highest occupied
band and the lowest unoccupied bands at the k, = +m plane
and is protected by time-reversal symmetry and nonsymmor-
phic twofold screw rotation symmetry without SOC. The TQC
theory analysis shows that there is a twofold band degeneracy
without SOC at the high-symmetry and generic k points lo-
cated at the k, = £ plane that is formed by the bands of
(A| & B,)@6g band representations. With the consideration
of SOC, a very small (about ~2.5 meV) band gap opens in the
generic k-point area, but a fourfold band degeneracy remains
along the high-symmetry A-H and H-L k paths to form a
nodal line structures. These results reveal an excellent nodal
surface state (or nodal line state with SOC) in a series of
experimentally synthesized materials.

II. COMPUTATIONAL METHODS

Our ab initio calculations were performed based on den-
sity functional theory (DFT) as implemented in the Vienna
ab initio simulation package (VASP) [43]. The projector aug-
mented wave (PAW) [44] method was employed with valence
electrons of 4s24p%4d°5s? for Sr, 4s24p® for As, 5s25p° for
Sb, and 6s26p® for Bi. The generalized gradient approxi-
mation (GGA) developed by Perdew, Burke, and Ernzerhof
(PBE) [45] was used as the exchange-correlation functional.
A 4 x 4 x 5 Monkhorst-Pack grid of Brillouin zone (BZ)
sampling was used, and an energy cutoff of 500 eV was set for
the plane-wave basis. The structures were fully relaxed until
the total energy difference is less then 107®eV, and conver-
gence criteria for atomic forces was set to be 107> eV/A. The
electronic band structures and density of states are calculated
by the modified Becke-Johnson (mBJ) [46] functional.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the hexagonal crystalline struc-
ture of the binary compounds SrsX3(X = As, Sb, Bi) in
P63 /mcm (Dgh, space group No. 193) symmetry. The unit
cell contains four Sr; atoms occupying the 4d(1/3,2/3,1/2)
Wyckoff positions, six Srp atoms occupying the 6g(x, x, 1/4)
Wyckoff positions, and six X (As, Sb, Bi) atoms occupying
three inequivalent 6g(x, x, 3/4) Wyckoff positions. The cal-
culated equilibrium lattice parameters and Wyckoff positions
for these compounds are listed in Table I, compared with
experimental values [39—41]. It is worth noting that in the
crystal structure of SrsX3; compounds, there is a twofold screw
rotation symmetry Sy; : (x,y,2) = (—x, =y, 2+ %), which is
a nonsymmorphic symmetry involving a twofold rotational

FIG. 1. (a), (b) Top and side views of the unit cell of crys-
talline structure of hexagonal SrsX3(X = As, Sb, Bi) compounds in
P65 /mcm (Dgh, No. 193) symmetry. The metal atom (Sr) occupies
two inequivalent 6g(x, x, 1/4) and 4d(1/3,2/3, 1/2) positions, while
pnictogen atoms (As, Sb, Bi) occupy the 6g(x, x, 3/4) Wyckoff
positions. (c¢) The bulk BZ of the hexagonal SrsX; compounds with
several high-symmetry k points indicated, including I" (0.0, 0.0, 0.0),
M (0.5, 0.0, 0.0), K(1/3,1/3,0.0),H(1/3, 1/3,0.5), A(0.0, 0.0, 0.5),
and L (0.5, 0.0, 0.5); R (0.25, 0.0, 0.50) and E (0.25, 0.0, 0.0) are the
midpoints along A-L and I'-M, respectively. Two generic k points
Y (0.277, 0.111, 0.0) and Z (0.277, 0.111, 0.5) are at the center of
the triangles I'-M-K and A-H-L, respectively. The red lines highlight
the high-symmetry k path. The shaded regions showcase the nodal
surface on the k, = +m plane.

symmetry (C,) and a translational symmetry along the [001]
direction, and it plays an important role in the nodal surface
states protection.

The bulk BZ with high-symmetry k points and k path is
given in Fig. 1(c). The electronic band structures and electron
density states of these SrsX3(X = As, Sb, Bi) compounds are
depicted in Fig. 2. It is seen in Figs. 2(a)-2(c) that the elec-
tronic band structures for all three compounds exhibit similar
semimetallic features. Near the Fermi level (Ep), the highest
valence band (HVB) and the lowest conduction band (LCB)
are fully degenerate only along the A-H-L high-symmetry k
paths. We have also added two high-symmetry k points R and
E at the midpoint of the A—L and I"-M lines, and a generic

TABLE 1. Calculated equilibrium lattice parameters (a, ¢) and
Wyckoff positions for SrsX3(X = As, Sb) compounds, compared to
available experimental data [39—41].

Compound Method ad) A Wyckoff positions X

SrsAss PBE 9.05 734 4d(1/3,2/3,1/2)
6g(x, x, 1/4)  0.745
6g(x,x,3/4) 0612
Exp [39-41] 8.93 7.33
SrsSbs PBE 9.60 7.48 4d(1/3,2/3,1/2)
6g(x, x, 1/4)  0.748
6g(x, x,3/4)  0.609
Exp [4041] 9.51 7.43
SrsBis PBE 978 7.59 4d(1/3,2/3,1/2)
6g(x, x, 1/4)  0.749
6g(x, x,3/4)  0.606

Exp [41] 9.65 7.3
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FIG. 2. Calculated electronic band structures without SOC for (a) SrsAss, (b) SrsSbs, and (c) SrsBij; at equilibrium lattice parameters along
several high-symmetry directions using the mBJ functional. Calculated partial DOS without SOC for (d) SrsAss, (e) SrsSbs, and (f) SrsBis.
The high-symmetry k points are given in Fig. 1(c). The Fermi level is set to zero.

k point Z at the center of the triangle A-H-L. Here, along the
R-Z-H k path, a linear band crossing can be clearly observed.
This is in agreement with the notion that the antiunitary sym-
metry (S»,7) guarantees a nodal surface at the k, = £ plane
[33,35]. It is noted that there is an energy variation in the de-
generate band regions along the A-H-L k paths in the ranges of
—0.296eV ~ 0.174eV for SrsAs;, —0.207 eV ~ 0.152eV
for Sr5Sbs, and —0.103 eV ~ 0.132¢eV for the SrsBiz com-
pound. Figures 2(d)-2(f) show the partial density of states
(DOS) for SrsX3 compounds. It can be seen that near the
Fermi level the electronic behaviors in these compounds are
mainly contributed by the p orbitals of X (As, Sb, Bi) atoms
and the d orbitals of Sr, atoms, with metallic bonds between
the Sr, and X atoms, such that they show semimetallic proper-
ties. The metallic bond grows slightly stronger from As(4p),
Sb(5p), to Bi(6p), due to which the flatness of the degenerate
bands increases accordingly [see Figs. 2(a)-2(c)]. As a result,
in these three compounds, the bands near the Fermi level
are mainly contributed by the p orbitals of X (As, Sb, Bi)
atoms and the d orbitals of Sr, atoms, which are located at
6g(x, x, 1/4) and 6g(x, x, 3/4) Wyckoff positions, respectively,
and this information is important for deducing the elementary
band representations (EBRs) of these compounds.

To further check the degeneracy of the LCB and HVB, we
plot the three-dimensional (3D) band structures for these com-
pounds. Since the A-H-L k path lies along the k, = + plane,
we fix the value of k; and change the values of k, and k,. It is
observed that the HVB and LCB are completely overlapping
in a single band at the k, = £ for the SrsAs; compound,
as shown in Fig. 3(a), which corresponds to the nodal sur-
face or, equivalently, to the Dirac nodal points contained in
this surface. This band degeneracy is lifted when there is
a slight deviation from the k, = +m plane; for instance, at

k, = £0.97, the conduction and valence bands are separated
from each other as depicted in Fig. 3(b). Meanwhile, similar
results are obtained for SrsSbs and SrsBis (see Fig. S1 in the
Supplemental Material [47]).

To better understand the formation mechanism of the nodal
surface states in the k, = £ plane for SrsX3(X = As, Sb,
Bi) compounds, we have also calculated the band structures
along different high-symmetry k paths perpendicular to the
k, = £m plane, as shown in Fig. 4. The generic k points Y
and Z are at the centers of the triangles I'-M-K and A-H-L,
respectively. Calculated band structures along the different
k paths perpendicular to the k, = £m plane for SrsAs; [see
Figs. 4(a)—4(e)], SrsSbs [see Figs. 4(f)—4(j)], and SrsBij [see
Figs. 4(k)—4(0)] compounds indicate that there is a linear
band crossing between the HVB and LCB bands in all these
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FIG. 3. Calculated three-dimensional band structure along the
A-H-L k path in the k, = £+ (a) and k, = £0.97 (b) for SrsAs;.
Only the valence and conduction bands are shown, and they com-
pletely overlap with each other in a single band in the k, = £ plane
(a), while a gap can be seen between the two bands in k, = +0.97

(®).
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FIG. 4. Electronic band structures near the Fermi level without SOC for SrsAs; (a)-(e), SrsSbs (f)—(j), and SrsBi; (k)—(0) along the k
path perpendicular to the k; = £ plane. Here, Z and Y are two generic k paths, which are at the centers of the triangles '-M-K and A-H-L,
respectively, while high-symmetry points E and R are the midpoints along A-L and I"'-M, respectively.

compounds. It is clearly seen that the band crossing point for
every k path is exactly located at the center of the path, which
corresponds to a specific nodal point in the k, = £z plane.
The presence of the linear band crossing along the k paths
perpendicular to the k, = £ plane confirms the twofold band
degeneracy between the valance and conduction bands at the
k, = £ plane, signifying the nodal surface states in these
compounds. Moreover, the existence of nodal surface states
in SrsX3 compounds are protected by a combination of the
twofold screw rotational (S,;) symmetry and time-reversal
symmetry (7)), satisfying the relation (S»,7)* = e~** without
SOC. A more detailed symmetry analysis about the nodal
surface states can be found in Refs. [33,35].

TQC theory [42] is a technique for elucidating the prop-
erties of topological materials. An electronic band can be
characterized by its band representations (BRs). A BR p@gq
is formed by the band of p irreducible representation (irrep)
centered at the ¢ Wyckoff site. Suppose a set of bands satis-
fies the “compatibility relations” in group theory but cannot
be decomposed into direct sums of the related atomic insu-
lators. Such a scenario indicates the presence of nontrivial
topological bands. The existence of nodal surfaces in SrsX3
compounds along the k, = £x plane can also be confirmed
based on the TQC analysis. The irreps at the I', M, K, A,
H, L, R, and E high-symmetry points and a generic point Z
for highest occupied and lowest unoccupied bands are cal-
culated with the irvsp code [49] and listed in Table II. It is
seen that the irrep at A, L, H, and R high-symmetry points
are A1(2), L1(2), HIH3(2), and R1(2), respectively, and the
result at the Z generic point is Z1Z3(2), which exhibits a 2D
representation, thus supporting a twofold band degeneracy.
Comparing with the above partial DOS analysis, these two
bands should come from the p orbitals of X (As, Sb, Bi) atoms

and the d orbitals of Sr, atoms, located at 6g(x, x, 3/4) and
6g(x, x, 1/4) Wyckoff positions, respectively, and the EBR of
these degenerate bands should be (A; @ B,)@6g. These irreps
data clearly show that there is a band degeneracy between
the highest occupied and lowest unoccupied bands near Ep at
the A, L, H, R, and Z k points located on the k, = £ plane.
On the other hand, the irreps at I', M, K, and E k points are
5 (1) and I} (1), M{ (1) and M (1), K;(1) and Ks(1), E3(1)
and E4(1), for the HVB and LCB, respectively. The EBR of
these two HVB and LCB bands should be (A; & B,)@6g and
A| @6g, respectively. These irreps data indicate that there is
no band degeneracy between the highest occupied and lowest
unoccupied bands near Eg at I', M, K, and E k points.

We finally discuss the effect of SOC. The electronic band
structures for SrsX3 (As, Sb, Bi) compounds with the con-
sideration of SOC are depicted in Fig. S2 in Supplemental
Material [47]. The calculated results indicate that the SOC-
induced gaps along the R-Z-H k points are vanishingly small
(about 1 ~ 2.5meV) in these compounds. Meanwhile, along
the high symmetry A-H and H-L k paths, the energy bands
remain fourfold degenerate (counting both spin and orbital de-
grees of freedom), forming a so-called nodal line structure that
is protected by the nonsymmorphic twofold screw rotation
symmetry with an addition of mirror symmetry [15,33]. In
addition, TQC analysis also confirms the fourfold degeneracy
along the A-H and H-L k paths with SOC (see Table S1 in
Supplemental Material [47]).

Recently, based on the TQC [42] and symmetry-based
indicator theories [5S0-53], several databases [54-56] for 3D
nonmagnetic topological materials have been established. In
the topological material database [57,58], the SrsAs; family
of compounds has been identified as topological semimetals
with nodal point type band crossings at the high-symmetry A,
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TABLEII. The irreducible representations (irreps) and elementary band representations (EBRs) for the HVB and LCB of SrsX3; compounds
around the Eg at I', M, K, E, A, L, H, R high-symmetry and Z generic k points without considering SOC (see Fig. 2). Here we use the

conventions following those in the Bilbao website [48].

Bands r M K E A L H R z EBRs
HVB ;1) M} (1) K1(1) E3(1) A1(2) L1(2) HIH3(2) R1(2) Z1Z3(2) (A, ® B,)@6g
LCB rr(1) M; (1) K5(1) E4(1) A, @6g

H, and L k points. However, our present results reveal that
SrsX3; compounds are good candidates for observing nodal
surface semimetal states, and this is a particularly favorable
situation considering that these materials have been exper-
imentally synthesized and high-quality samples have been
obtained [39—41]. The predicted nodal surface states are close
to the Fermi level and formed by the degenerate LCB and
HVB with no extraneous bands nearby. The opening of a
negligible band gap with SOC along the R-Z-H k-path (or
generic points) is smaller than the band gaps in previously
reported compounds such as BaVS; [33], X(MoS);(X = K,
Rb, and Cs) [36], and Zr;X (X = Al, Ga, In) [37] nodal surface
semimetal. Remarkably, we also find that with the inclusion
of the SOC effect the nodal surface state is converted to nodal
line along the A-H and H-L high-symmetry k paths (or high
symmetric k points) to form a nodal line structure, stemming
from the protection of the mirror symmetry. Such nodal line
structures are quite rare in realistic materials.

IV. SUMMARY

In summary, we have identified by first-principles calcu-
lations a topological nodal surface semimetal state in SrsX3
(X = As, Sb, Bi) compounds, which is formed by the crossing

of the highest occupied band and the lowest unoccupied bands
at the k, = £ plane and is protected by time-reversal sym-
metry and nonsymmorphic twofold screw rotation symmetry
without SOC. Partial density of states and elementary band
representation analyses show that the twofold band degen-
eracy at the high-symmetry and generic points is located at
the k, = £ plane comprising the bands of (A; & B,)@6g
band representations. Meanwhile, with the consideration of
the SOC effect there is an opening of a very small (about
~2.5meV) band gap, which has little practical impact on the
nature of the identified topological nodal surface semimetal
state. Our findings expand and enrich exotic nodal surface
states and pave the way for further studies of this prominent
family of materials for advancing fundamental understanding
and exploring potential applications.
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