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Topological nodal line semimetals in the CaP; family of materials
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By using first-principles calculations and a k - p model analysis, we propose that the three-dimensional
topological nodal line semimetal state can be realized in the CaP; family of materials, which includes CaPs,
CaAsj, SrP;, SrAss;, and BaAs;, when spin-orbit coupling (SOC) is ignored. The closed topological nodal
line near the Fermi energy is protected by time reversal symmetry and spatial inversion symmetry. Moreover,
drumheadlike two-dimensional surface states are also obtained on the c-direction surface of these materials. When
SOC is included, the gaps open along the nodal line and these materials become strong topological insulators

with Z, indices as (1;010).
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I. INTRODUCTION

The study of topological semimetals [1] has attracted
broad interests from both the theoretical and the experimental
communities in recent years. Generally speaking, topological
semimetals are topologically stable since their Fermi surfaces
enclose nontrivial band crossing points in crystal momentum
space. Such band crossing points behave as the monopoles of a
Berry flux [2,3], and bring a quantized Berry flux when passing
through the surrounding enclosed Fermi surface [2,4]. This
quantized number can be taken as the topological invariant
to identify the band topology of the corresponding metals.
Based on the degeneracy of the band crossing points and their
distribution in the Brillouin zone (BZ), topological semimetals
can classify into Dirac semimetals, Weyl semimetals, and
nodal line semimetals. For Dirac semimetals, the band crossing
points are fourfold degenerate, which can be seen as three-
dimensional versions of graphene. This novel state has been
theoretically proposed and experimentally confirmed in the
NazBi and Cd3 As, compounds [5—12]. For Weyl semimetals,
the band crossing points are double degenerate, with definite
chirality, and are located at an even number of discrete
points in the BZ, which have been theoretically predicted
[13-15] and very recently have been experimentally verified
in the TaAs family of materials [16-21]. For topological
nodal line semimetals [22,23], the band crossing points form
closed loops instead of discrete points in the BZ. Now, many
theoretically proposed materials for realizing these topological
states have emerged, including Bernal graphite [24-26],
Mackay-Terrones crystals [27], hyperhoneycomb lattices [28],
CazP; [29,30], LaN [31], Cu3(Pd,Zn)N [32,33], the interpen-
etrated graphene network [34], (T1,Pb)TaSe, [35,36], ZrSiS
[37], perovskite iridates [38—41], CaAgX (X = P,As) [42],
BaM X3 (M =V, Nb, Ta; X = S, Se) [43], black phosphorus
[44], calcium, strontium, and ytterbium [45]. It has been
also proposed that a nodal line structure can be realized by
considering the instabilities in a Weyl metal with transverse
ordered spin-density waves (SDW, ) or charge-density waves
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[46]. The intriguing expected properties characterizing topo-
logical nodal line semimetals include drumheadlike nearly
flat surface states [27,32,33,47], unique Landau energy levels
[48], long-range Coulomb interactions [49], special collective
modes [50], and the opening of an important route to achieving
high-temperature superconductivity [51-53].

In the present paper, based on first-principles calculations
and a k - p model Hamiltonian analysis, we predict that the
CaP; family of materials is another candidate for topological
nodal line semimetals. The rest of the paper is organized as
follows. In Sec. II, we present the crystal structure and the
first-principles calculation methodology. Then we present the
calculated bulk and surface electronic structures of the CaP;
family of materials in Sec. IIT A. In Sec. III B, an effective
k - p model is constructed and the nodal line structure and
the surface states are studied from the k - p Hamiltonian.
Conclusions are given at the end of this paper.

II. CRYSTAL STRUCTURE AND
COMPUTATIONAL METHOD

The crystal structure of the CaP3; families can be viewed as
a list of two-dimensional (2D) infinite puckered polyanionic
layers go[P3]2’ [54] [see Fig. 1(b)] stacking along the b axis.
The P layers form channels in the a-c direction and the cations
are inserted into the channels, as shown in Fig. 1(d). The space
group of CaP; and CaAss is P1, while StP3, SrAss, and BaAss;
have a higher symmetry which is characterized by the space
group C2/m. Moreover, lattice a is equivalent to c in the space
group C2/m, butin P1 itis not. The crystallographic data and
the atomic coordinates for these materials are listed in Tables I
and II. The primitive cell illustrated in Figs. 1(a) and 1(c) is
used in the following calculation.

The first-principles calculations are performed by using
the Vienna ab initio simulation package (VASP) based on the
generalized gradient approximation (GGA) in the Perdew-
Burke-Ernzerhof (PBE) [58] functional and the projector
augmented-wave (PAW) pseudopotential [59]. The energy
cutoff is set to 400 eV for the plane-wave basis and BZ integra-
tion was performed on a regular mesh of 8 x 8 x 8 k points.
The band structure here is also checked by nonlocal Heyd-
Scuseria-Ernzerhof (HSE06) hybrid functional calculations.
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TABLE I. Crystallographic data for CaP;, CaAss, SrPs, SrAss,
and BaAs;.

CaPs CaAs; SrP; SrAs; BaAs;
Formula [54] [55] [56] [57] [55]
Space group P1 P1 C2/m c2/m  C2/m
a (nm) 0.5590 0.5866  0.58681 0.61353  0.6393
b (nm) 0.5618 0.5838  0.5690 0.588 0.6015
¢ (nm) 0.5665 0.5921 0.58681 0.61353  0.6393
o (deg) 69.96 70.04 71.825 72.257 71.485
B (deg) 79.49 80.16 76.777 76.897 74.733
y (deg) 74.78 75.85 71.825 72.257 71.485

A tight-binding model based on the maximally localized
Wannier functions (MLWFs) [60,61] of the p orbits of P or As
has been constructed in order to investigate the surface states
of the (001) surface.

III. RESULTS AND DISCUSSION
A. Electronic structure

The band structures of the CaP; family of materials are
presented in Fig. 2 without spin-orbit coupling (SOC). The
result of the GGA-PBE calculation shows that two bands
with opposite parity are inverted around the Y point near
the Fermi energy. In addition, the symmetry at the Y point
is composed of time reversal symmetry (TRS) and space
inversion symmetry (SIS) for the P1 symmetry materials,
and for the C2/m symmetry materials, there is an additional
symmetry, the mirror symmetry (MS). As proposed in our
early work, in the case of the coexistence of time reversal
symmetry and space inversion symmetry, the energy inverted
bands with opposite parity should cross along a closed nodal
line [27,32,44]. The nodal line structures are located at the
I'-Y-S plane for SrPs3, SrAs;, and BaAss, as shown in Figs. 2(a)

TABLEII. Atomic coordinates, and equivalent isotropic displace-
ment parameters for CaP3;, CaAs;, SrP3, SrAs;, and BaAs;.

Atoms  Site  Wyckoff symbol X y z
CaP; Ca 2i 0.175 0.141 0.146
P1 2i 0.498 0.303 0.501
P2 2i 0.630 0.320 0.104
P3 2i 0.104 0.300 0.600
CaAs; Ca 2i 0.1847  0.1595  0.1243
Asl 2i 0.5104 0.2829  0.5149
As2 2i 0.6449 03130  0.0928
As3 2i 0.0895 0.2801  0.5907
SrP; Sr 2i 0.1618  0.1477  0.1618
Pl 2i 0.6156  0.3205  0.1036
P2 2i 0.4895  0.3094  0.4895
SrAs; Sr 2i 0.1631  0.1655  0.1631
Asl 2i 0.6291  0.3054  0.0939
As2 2i 0.5040  0.2878  0.5040
BaAs; Ba 2i 0.1637  0.1630  0.1637
Asl 2i 0.6272  0.3165  0.0956
As2 2i 0.4958  0.2969  0.4958
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FIG. 1. (a) is the primitive cell of CaP;. The side view of the
primitive cell along the b axis is shown in (c). (b) is the top view of a
single layer of CaP;. The puckered P layers (gray colored balls) can
be derived from orthorhombic black phosphorus by removing 1/4 of
the P atoms. (d) is the side view of the crystal structure of CaP;. The
puckered polyanionic layers stack along the b axis.

and 2(b), while for CaP; and CaAsj the nodal line is slightly
deviated from this plane.

We have performed the HSEO6 calculation to check the
band structures near the Y point, which are shown by the
red dotted curves in Figs. 2(c)-2(g). We find that only SrAs;
shows a band inverted structure in the HSEQ6 calculation,
while the bands of the other four compounds are in normal
order. Therefore, the nodal line structure survives in SrAss,
but vanishes in the other four materials. On the other hand,
we also find that compressing the lattice volume helps
the band inversion to emerge. The band structures of a
compressed lattice with the HSEO6 calculation are shown as
blue dashed curves in Figs. 2(c), 2(d), 2(e), and 2(g). Therefore,
compressing the volume can control the emergence of the
nodal lines in CaP3, CaAss, SrP3;, and BaAs;. Moreover, we
also checked that the nonmagnetic phases of these materials
are more energetically stable than the magnetic phases.

According to the bulk boundary correspondence, the non-
trivial surface states are expected to appear on the surface of
the materials. In order to calculate such surface states, we make
a detailed analysis of the band structure. The density of states
calculation [Fig. 2(h)] and the “fat” band structure [Fig. 2(1)]
show that the nodal line structures are mainly composed of
Px + p; and p, orbits of P or As atoms. The tight-binding
Hamiltonians in the basis of the p orbits of P or As atoms
can be obtained by using the MLWF method [60,61], and the
surface states for a semi-infinite slab along the ¢ direction
can be calculated by using these Hamiltonians. The obtained
surface states are nestled between two solid Dirac cones, as
shown in Figs. 3(b)-3(f), which are the projections of the nodal
line circles in the ¢ direction. Moreover, we find that the surface
states also exist in compressed structures [Figs. 3(g)-3(i)]. The
topological nodal line structure is stable when compressing the
volume, despite the appearance of another Fermi surface. Here,
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FIG. 2. (a) is the bulk BZ for the CaP; family of materials. The nodal line (red colored loop) surrounds the Y point and lies on the I'-Y-S
plane for the SrP3, SrAs;, and BaAs; compounds, while it slightly deviates from this plane for CaP; and CaAs;. The projection of the nodal
line on the I'-Y-S§ plane is shown in (b). The band structures from the GGA-PBE calculations are shown as black solid curves for (c) CaPs,
(d) CaAss, (e) SrP;, (f) SrAss;, and (g) BaAss;. The red dotted curves are the HSEQ6 calculation results and the blue dashed curves are the
HSEOQ6 calculation results with a compressed lattice structure 0.94a x 0.94b x 0.94c. (h) is the density of states for CaPs. The p orbits of P
(green line) dominate the states around the Fermi energy. (i) The “fat” band structure shows that the nodal line is mainly composed of p, + p,

(red circle) and p, (blue circle) orbits of P atoms in CaP3.

we also study the effect of a surface potential on the surface
state. We change the on-site energy of the surface atoms of
CaP; to 112%, 120%, and 133% of the pristine value (Fig. 4),
and find that the surface state remains inside the nodal line
circle, but it will be pushed into the bulk states as the surface
potential increases.

In the above calculations, SOC is ignored, and the nodal
line structure can be found in BZ. If we take SOC into
consideration, gaps will be opened along the nodal line, and
these materials become small gap insulators. The gap values
along the S-Y and Y-TI" directions are listed in Table III. Since
the materials listed have an inversion center, we calculate the
production of the parities of the occupied states at the eight time

reversal invariant momenta (TRIM) as listed in Table IV, which
indicate that these materials are strong topological insulators
with a Z, index as (1;010) [62,63]. The (001) surface states of
SrP; with the SOC having been taken into consideration are
shown in Fig. 5(b).

B. Model Hamiltonian

In this section we investigate the nodal line structure from
the continuous k - p model. First, we construct the k - p model
near the band inversion point from the symmetry principles.
Then we calculate the energy dispersions of the surface states
by using the obtained k - p Hamiltonian.
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FIG. 3. (a) The projected BZ along the ¢ direction. The surface states (red colored curve near the Y point) for (b) CaP;, (c) CaAss, (d) SrPs,
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TABLE III. The gap values near the nodal line after considering
the SOC.

PHYSICAL REVIEW B 95, 045136 (2017)

TABLE IV. The parity productions for the occupied states at the
TRIM points.

S-y Y-r '(0,0,0) X(1.0,0) Y(0,1,0) 2(0,0,3)
(meV) (meV) — — — —
CaP; 31.69 373 (5.5.0) ©.3.9) T(1,0.) NER®)!
CaAs; 54.47 39.92 + + - +
SrP; 6.11 1.76
SrAs; 47.14 6.28
BaAs; 38.97 6.22

The most general form of a two-band model can be written
as

3
H(k) =" gk, (1
i=0

where g;(k) are real functions of k, oy is the identity matrix,
and o1 5 3 are Pauli matrices for the space which is expanded
by the two investigated bands near the Fermi energy. At the
band inversion point Y, the symmetry group is reduced to C;
for the P1 space group materials and C2h for the C2/m space
group materials.

The C; group contains time reversal symmetry 7' and space
inversion symmetry P. For the C2h group, there is an addi-
tional symmetry, a mirror symmetry M : k, < k¢;kp — kp.
At the Y point, the two inverted bands have opposite parity
and then the inversion operator can be chosen as P = 0. The
inversion symmetry constrains the Hamiltonian, satisfying

PH(k)P™' = H(—k), 2)

which leads to go 3(k) being even functions of k and g »(k)
are odd functions of k. On the other hand, the time reversal
symmetry requires that

TH()T™" = H(—k), 3)

where T = K and K is the complex conjugate operator for the
spinless case. The requirement leads to go 1 3(k) being even
functions and g,(k) are an odd functions of k. Combining

Ol 71,

=}

Energy (eV)

o
=

o
%

S r Y

the constraints to g; (k) from time reversal and space inversion
symmetry, we obtain that g;(k) = 0, go 3(k) are even functions
of k and g,(k) is an odd function of k. Keeping up to the lowest
order of k, we get

go(k) = ap + a\k> + ark} + ask?,
gZ(k) = aka + ﬂkb + ykcv
g3(k) = mo + mlkﬁ + mzkﬁ + m3kf. 4)

For simplicity, the basis vectors in k space are chosen as k,
kp, and k., as shown in Figs. 2(a) and 2(b). For the P1 space
group materials CaP; and CaAss, the parameters in Eq. (1) are
independent. For the C2/m space group materials, the mirror
symmetry can be chosen as M = o, and the mirror symmetry
gives an additional constraint to Hamiltonian Eq. (1),

M H (kg kp k)M ™" = H(ke,kp,ka), )

which reduces the number of parameters by requiring that
B=0,a =asz,m =ms3,and ¢ = —y in Eq. (4).

The k- p parameters obtained by fitting with the first-
principle calculations are listed in Table V. The band structures
calculated by the k - p model Hamiltonian are compared with
the first-principles calculations as shown in Fig. 6

The eigenvalues of Eq. (1) are E(k)= go(k)x

\/&3(k) + g2(k) and the band crossing points appear when

g2(k) =0 and g3(k) =0. In the band inversion case, we
obtain that my <0 and m; > 0, i = 1,2,3. Then, g3(k) =
moy + mlkfl + mzkl% + m3k3 =0 is just an equation for an
ellipsoidal surface which surrounds the Y point in k space. The
second condition g(k) = ak, + Bk, + yk. = 0 determines

FIG. 5. (a) The band structure of SrP; obtained from the GGA-PBE calculation with (red lines) and without SOC (black lines). (b) shows

the (001) surface states of SrP; with SOC.
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TABLE V. The parameters for the k - p Hamiltonian in Eqs. (1) and (4). The unit of energy is in eV and the unit of length is in lattice

parameters.
CaP3 ag aj a as my mi my ns o ,3 Y
—0.091 1.671 14.372 2.394 —0.142 10.438 19.138 11.910 1.773 0.001 —2.096
CaAs3 [N a a as my mi nmy nms o /3 Y
—0.179 1.295 17.702 1.813 —0.240 9.319 23.204 10.578 1.303 0.272 —1.758
SrP; ay a ar mg m mo %
—0.095 —2.324 13.619 —0.1167 10.451 17.049 2.156
SrAs; ag a as mo m ms o
—0.005 —1.778 17.249 —0.3439 12.728 20.989 1.980
BaAs3 ag aj a my mi ny o
—0.112 —3.193 15.896 —0.212 11.089 16.5431 1.918
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FIG. 6. Comparison of band structures of GGA (blue solid curves) and k - p model (red dashed curves) calculations for (a)—(c) CaPs,
(d)—(f) CaAss, (g), (h) SrPs, (i), (j) SrAs;, and (k), (1) BaAs;.
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a plane passing the Y point and with its normal direction
along the (o, 8,y) direction. The crossing points between the
plane determined by g»(k) =0 and the ellipsoidal surface
determined by g3(k) = 0 form a closed loop, which is just
the band closing nodal line between the two inverted bands.
For the C2/m space group, where 8 =0 and o = —y, the
nodal line is located at the plane that passes through k;, and the
angular bisector of k, and k. exactly. The higher-order terms,
such as the fourth-order terms in go 3(k) and the third-order
terms in g, (k), will deform the ellipsoidal surface and bend the
plane, nevertheless, the crossing nodal line will not disappear
but will change to a three-dimensional closed loop as shown
in Fig. 1(a).

In the following, starting from the k - p model in Eqgs. (1)
and (4), we present the solutions for the energy spectra of
the surface states of the CaP; family of materials. As shown in
Fig. 1(b), we consider a surface terminated in the ¢ direction. In
this case, k. is perpendicular to the surface and &, ; are parallel
to the surface. Following the method proposed in Ref. [64],
the Dirac Hamiltonian in Eq. (1) can be written as

H(kq,kp,kc) = go(k) + h(k) - o, (6)
where 0 = (01,0,,03),
h(k) = (ka.kp) + ¢! (kakp)ke + € (kakpke, ()
and
= (0,akq + Bkp,mo + mik2 + mzkf),
¢! =(0,,0),
¢ =(0,0,m3). (®)
The behavior of h(k) completely determines the topological
nature of the system and it is the key to understanding the
relation between the existence of surface states and bulk
topological properties. By tuning k., the vector h(k) forms
a parabola in the 2D plane spanned by ¢' and ¢2. As proved
in Ref. [64], for the continuum Hamiltonian h(k), the surface

states exist if the origin is within the concave side of the
parabola, which leads to the following equation for k, and k;,

2
(cka + Bo)? + L (mo + mil k) < 0. (9)
3

PHYSICAL REVIEW B 95, 045136 (2017)

The energy of the surface states (located on the surface of a
semi-infinite slab with r. > 0) can then be calculated as

¢! x¢?

E, =c (10)

le! x ¢?|”

As expressed in Eq. (8), ¢” is in the plane spanned by vectors
¢! and ¢?, therefore ¢ is perpendicular to ¢! x ¢, which leads
to E; = 0. This result indicates that a dispersionless state can
exist on the surface of a nodal line semimetal within the area
determined by Eq. (9), whereas the topological trivial term
go(k) in Eq. (6) will introduce a finite dispersion and finally
lead to drumheadlike surface states as shown in Fig. 3.

IV. CONCLUSION

In summary, we propose that 3D topological nodal line
semimetal states can be realized in the CaP3; family of materials
when we ignore SOC. A closed nodal line is found near
the Fermi energy, and this is protected by time reversal
and inversion symmetry with an inverted band in the bulk
band structure. The 2D drumheadlike surface states nested
inside the closed nodal line are studied in the ¢ direction by
using the tight-binding method and a k - p model analysis.
Its nearly flat energy dispersion is an ideal playground for
many interaction-induced nontrivial states, such as fractional
topological insulators and high-temperature superconductiv-
ity. After taking the SOC into consideration, the CaP3 family
of materials becomes a strong topological insulator with a
small energy gap.
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