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Pressure is an effective and clean way to modify the electronic structures of materials, cause structural phase transi-
tions and even induce the emergence of superconductivity. Here, we predicted several new phases of the ZrXY family at
high pressures using the crystal structures search method together with first-principle calculations. In particular, the ZrGeS
compound undergoes an isosymmetric phase transition from P4/nmm-1 to P4/nmm-I11 at approximately 82 GPa. Electronic
band structures show that all the high-pressure phases are metallic. Among these new structures, P4/nmm-11 ZrGeS and
P4/mmm ZrGeSe can be quenched to ambient pressure with superconducting critical temperatures of approximately 8.1 K
and 8.0 K, respectively. Our study provides a way to tune the structure, electronic properties, and superconducting behavior

of topological materials through pressure.

Keywords: high pressure, ZrXY (X = Si, Ge, Sn; Y = S, Se, Te) family, phase transition, superconducting

temperature
PACS: 61.50.Ks, 68.35.Gy, 74.25.—q

1. Introduction

Topological semimetals (TSMs) with nontrivial band
structures have been extensively studied due to their

exotic properties, such as large magnetoresistance,!!~’!

high charge carrier mobility,!!~"!

8-11]

and potential topolog-

ical superconductivity.! Based on the degeneracy of

the band crossing points and their distribution in the

Brillouin zone, these TSMs can be classified as Dirac

[12-15] [1,3,5,16-21]

semimetals, Weyl semimetals,

[22-29]

topological
nodal-line semimetals, etc. The band crossing points
of Dirac semimetals are fourfold degenerate, while Weyl
semimetals have doubly degenerated band crossing points. For
topological nodal-line semimetals, the band crossing points
create closed loops instead of separated points in the Brillouin
zone. Among topological materials, ZrXY (X = Si, Ge, Sn;
Y =S, Se, Te) has been studied intensively. [24,30-461 \ateri-
als of the ZrXY family usually host two types of Dirac states,
i.e., the nodal-line state doubly protected by mirror and in-
version symmetry and the two-dimensional (2D) Dirac state
protected by nonsymmorphic symmetry. In addition, different
members have diversified properties. For instance, ZrSiS has
a large, anisotropic magnetoresistance, which can be as high
as 1.4 x 105% at 2 K and 9 T.[47)

On the other hand, pressure plays an important role in
the phase transition of matter. It provides an easy and clean
way to force a structural transition of materials without con-
tamination by impurities,*3-3% and provides an effective way
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(51 pressure-driven structural

of synthesizing new materials.
phase transitions are often accompanied by variations in elec-
tronic structures, resulting in different physical properties. For
instance, pressure has been successfully adopted to induce su-

10321 and phase tran-

perconductivity in topological materials!
sitions with new topological properties.'>3! ZrXY family mem-
bers also have novel properties under high pressure. For in-
stance, ZrSiS was found to have lattice distortion induced by
inhomogeneous compression under nonuniform hydrostatic
pressure,[*?l and ZrSiTe was found to have a drastic change

in the electronic band structure under pressure. 34!

However, the existing works on the ZrXY family have
been performed at relatively low pressure. Here, we system-
atically studied the entire ZrXY family, including X = Si, Ge,
Sn and Y = S, Se, Te, and extended the pressure range up
to 200 GPa. We found several new phases and then studied
their electronic and superconducting properties. For instance,
ZrGeS undergoes an isosymmetric phase transition from the
ambient P4/nmm structure to a new P4/nmm-11 phase. In ad-
dition, we also found a new phase called the P4/mmm phase.
Remarkably, the phonon dispersion calculation results show
that the P4/mmm phase of ZrGeSe and the P4/nmm-II phase
of ZrGeS may be quenchable to ambient pressure. Inter-
estingly, the estimated superconducting critical temperatures
(T) of P4/mmm-ZrGeSe and P4/nmm-11-ZrGeS are 8.1 K and
8.0 K at 0 GPa, respectively.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Computational method

We used the machine-learning and graph theory acceler-

35361 combined with ab

ated structure searching (Magus) codel
initio calculations to search for the stable structures of ZrXY
at 50 GPa, 100 GPa, 150 GPa, 200 GPa. The Magus code has
demonstrated success in predicting the high-pressure struc-
tures of various systems. °>>137] We performed structure opti-
mizations and calculations of enthalpy, mechanical properties,
and electronic structures using the projector augmented wave
(PAW) 381 method in the Vienna ab initio simulation package
(VASP)P?1 and the Perdew—Burke—Ernzerhof (PBE)[®] gen-
eralized gradient approximation (GGA) exchange—correlation
density functional. Electronic localization functions (ELF)
calculated by VASP were displayed by visualization for elec-
tronic structural analysis (VESTA).[%! Structures were re-
laxed with a high accuracy plane-wave basis energy cutoff
of 400 eV. The k-mesh spacing of Brillouin zone is 27 X
0.025 A1,
tures were calculated by the finite displacement method imple-
mented in the PHONOPY [°?! code. The elastic constants were
determined by the linear-response stress—strain method, as im-
plemented in the VASP code, and the bulk and shear mod-
uli were calculated based on Voigt averaging.[®¥ The Vickers

Phonon modes and frequencies of the struc-

hardness was computed by the model of Chen et al.[®*1 We ap-
plied a 2 x 2 x 2 supercell to calculate the force constants of
all structures. Quantum Espresso (QE) code!®! was used to
calculate the electron—phonon coupling constants and 7;. using
an energy cutoff of 120 Ry. The surface states were obtained

by constructing the maximally localized Wannier functions!®¢]

2 o
X =8i Ge Sun Q)
Y=SSeTe ©

[, o%ow

a b

and using the surface Green function approach,!®’! as imple-
mented in the WANNIERTOOLS package.!%®! We adopted
10 x 10 x 4 and 8 x 8 x 4 k-point mesh for charge self-
consistent calculation, 20 x 20 x 8 and 16 x 16 x 8 k-point
mesh for electron—phonon coupling (EPC) linewidth integra-
tion, and 5 x 5 x 2 and 4 x 4 x 2 g-point mesh for dynamical
matrices of P4/nmm-11 and P4/mmm structures, respectively.

3. High pressure structures

The most stable phase of all compounds in the ZrXY fam-
ily at 0 GPa is P4/nmm, as shown in Fig. 1(a). The P4/nmm
phase of the ZrXY family shows a tetragonal structure formed
by the stacking of X—Zr-Y—Y—Zr layers.6"]

We then performed crystal structure searches for the
ZrXY family at 50 GP, 100 GP, 150 GP, and 200 GP, and sev-
eral new structures were found. The enthalpy difference of
given structures is compared with the P4/nmm phase (ground
state at 0 GPa). Combining the search results and enthalpy
calculations, we successfully identified four new structures at
given pressures. As shown in Fig. 1, they are the Cmcm (space
group No. 63) structure, the so-called P4/nmm-II structure
(space group No. 129), the Imm2 structure (space group
No. 44), and the P4/mmm structure (space group No. 123).
The enthalpy—pressure curves of ZrSiSe, ZrGeS, ZrSiSe, and
ZrGeSe are shown in Fig. 2. We found that the enthalpy—
pressure curves of ZrSiTe, ZrGeTe and ZrSnTe are similar to

those of ZrSiSe. The enthalpy—pressure curves of ZrSiTe, Zr-
GeTe, and ZrSnTe are attached in Fig. S1.

Fig. 1. Crystal structures of the high-pressure phases of the ZrXY family: (a) P4/nmm structure, (b) P4/mmm structure, (c) P4/nmm-1I structure,

(d) Cmcm structure, (e) Imm?2 structure.

It is found that (i) ZrX (X = Si, Ge)Se and ZrX (X =
Si, Ge, Sn)Te have an identical final high-pressure phase, the
P4/mmm phase. The critical pressures of these family mem-
bers are 102 GPa, 110 GPa, 68 GPa, 62 GPa, and 31 GPa.
Because the Zr atom has a relatively large atomic radius,
these X and Y atoms tend to be distributed in the Zr lay-
ers once pressure is applied. Thus, the P4/mmm structure is
formed with such a type of arrangement: X atoms and Y atoms

form a corrugated shape interspersed between two layers of

Zr atoms. (ii) The ZrGeSe compound undergoes a series of
structural phase transitions: P4/nmm — Imm2 — P4/mmm.
This P4/nmm — Imm?2 phase transition occurred at 87 GPa.
Remarkably, the Imm?2 phase has layers formed by puckered
triangular chains of X and Y alternating with layers of square
nets of Zr. Due to the difference in radius between the Ge
and Se atoms, Zr atoms between Ge and Se slightly fluctu-
ate along the Zr plane, which leads to a slightly sparse stack
of atoms. (iii) ZrSiS and ZrGeS have an identical final high-
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pressure phase, the Cmcm phase. The transition pressures are
100 GPa and 123 GPa. Similar to the P4/nmm phase, this
Cmcm phase has two Zr-Y layers sandwiched between two
layers of Si atoms, but its Zr-Y layers have translated half a
lattice along the a-direction accompanied by shortening of the
bond length of the Zr atoms along the b-direction. (iv) As
shown in Fig. 2, ZrGeS undergoes a series of structural phase
transitions: P4/nmm — P4/nmm-1I — Cmcm. The transition
pressures of P4/nmm — P4 /nmm-1I are ~82 GPa. The high-
pressure P4/nmm-11 phase of ZrGeS shows a very similar pat-
tern to the ambient phase, as shown in Fig. 1. Both of them are
P4/nmm symmetry, but the Wyckoff position of the Ge atom
is different, from 2c sites to 2a sites. With the application of
pressure, the Ge atoms tend to slide from the middle of the Zr—
S square to the vertex of the square. Thus, the Ge layer of the
P4/nmm-11 structure shifts one-half of the lattice along the a or

1.0
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b axis, and the two Ge atoms finally form a zig-zag distorted
layer. We thus call this new structure P4/nmm-I1. For ZrGeS,
the a and ¢ axes of the ambient P4/nmm structure are 3.25 A
and7.15 A, respectively, while the a and ¢ axes of the P4/nmm-
I structure are 3.07 A and 7.78 A, respectively. An isosym-
metric phase transition is one such phase transition in which
the two phases associated with the isosymmetric phase transi-
tion possess the same space group but with different Wyckoff
sites. This kind of phase transition is always found in some
amorphous systems (e.g., liquid—gas transition) or electronic
transitions (metal—insulator, valence transitions).[7%721 All of
these results prove that the P4/nmm to P4/nmm-1II phase tran-
sition is an example of an isosymmetric phase transition. The
calculated lattice parameters of these new phases at a given
pressure are listed in Table S1.

1.0
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Fig. 2. Calculated enthalpy—pressure relationship with respect to ground state. The enthalpy difference of (a) ZrSiS, (b) ZrGeS, (c) ZrSiSe, and (d) ZrGeSe.

4. Stability and mechanical properties

To determine the dynamic stability of these high-pressure
phases of ZrXY, the phonon dispersion along the high-
symmetry lines was calculated, as shown in Fig. S2.

For all P4/mmm phases, the high-pressure phases show
no imaginary frequency modes, indicating that all of these
phases are dynamically stable at high pressure. Among those
P4/mmm phases, ZrGeSe and ZrSnTe have no imaginary fre-
quency modes down to zero pressure; therefore, they might

be quenched recoverable under ambient conditions. For the

Imm?2 phase of ZrGeSe, phonon dispersion after transition also
shows that this is a mechanically stable phase. The Cmcm
phases of ZrSiS and ZrGeS show no imaginary frequency
modes at high pressure. For ZrGeS, the P4/nmm-II phase has
no imaginary frequency at either high pressure or 0 GPa, indi-
cating that this new phase is stable and may be quenchable to
recover at 0 GPa.

As the symmetry remains unchanged during the isosym-
metric phase transition, we want to compare the mechanical
properties of ZrGeS before and after phase transformation.
Through crystal symmetry analysis, we have six independent
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elastic constants, namely, Ci, Ci2, C13, C33, Ca4, and Cgg as
for these two tetragonal phases.!”?! Within the Voigt—-Reuss—
Hill (VRH) approximation,'®® the macroscopic bulk moduli
(B) and shear moduli (G) of a polycrystalline material can
be estimated using the elastic constants of the single crystal
mentioned in the preceding paragraph. Furthermore, Young’s
modulus (Y) and Poisson’s ratio (V) of the polycrystalline ma-
terial can be written in terms of B and G as

9BG
= ma (D
_ (3B—2G)
V= 2681 G) @

Meanwhile, the average sound wave of the polycrystalline
materials can also be calculated as

1

o [1/2 1\]73
we3(E7)] <3>

] B+4G/3)5
= _— s 4
Gl < 0 4
1

i = (G/p)Z. )

The Debye temperature of the materials can be estimated from

1
_ k3 (]
=gy [ (57)] v

where £/ is Planck’s constant, kg is Boltzmann’s constant, Na

(6)

is Avogadro’s number, p is the density, M is the molecular
weight, and » is the number of atoms per unit cell.

The hardness of these phases at given pressure is defined
as

0.585

H, =2 (K*G) 3, ©)

where k = G/B is the ratio of the shear modulus to the bulk
modulus.

All calculated elastic constants are presented in Table 1.
They are positive and obey the Born criterion of mechanical
stability.!%] Table 1 indicates that the C;; values of this system

are well above the limit of the elastic stability, i.e., C11 > |Ci2],
2C3 < C33 (C11 +C12), and Cygq > 0. We can see that the hard-
ness of the P4/nmm-I1 phase is 2.71 GPa at 0 Gpa, 1.64 GPa
at 90 GPa, which is smaller than that of the P4/nmm phase. To
understand the inner principle of this intriguing phenomenon,
we calculated the ELF of ZrGeS at 90 GPa with the P4/nmm
phase and P4/nmm-I1I phase. In Fig. 3, we show some planes of

ELF of the given unit cell while concealing some unnecessary
atoms for simplicity and intuition. From the ELF, we can see
that the electrons are well localized around the Zr and S atoms,
showing good metallicity. However, the electron distribution
in the Ge layer changes. In the P4/nmm and P4/nmm-11 phases,
the electrons between Ge atoms formed covalent bonds. Com-
pared with the P4/nmm phase, the electron distribution density
of the P4/nmm-1I phase decreases with the prolongation of the
bonds, resulting in the weakening of the bond strength. Addi-
tionally, the shortening of the Ge—S distance changes the elec-
tron distribution between the Ge and S atoms, leading to more
metallic bonding. Combining the two aspects above, the soft-
ening of the P4/nmm-I1I phase along the a-axis after the phase
transition is comprehensible with the P4/nmm phase.

GeQ = :io;;“: c. 3
so OSSOSO | o FTq
A © 000 o
(&
1 (d)
oS0
i O
n - - -
< ExX0
‘1\0
(&) s (&) O
0 o

Fig. 3. ELF of ZrGeS at 90 GPa (a), (b) P4/nmm phase; (c), (d) P4/nmm-11
phase.

Table 1. Calculated elastic constants (C;;), bulk modulus (By), shear modulus (Gy), and Young’s modulus (Y) in GPa as well as the Debye
temperature (@p), Poisson’s ratio (V) of ZrGeS-P4/nmm and ZrGeS-P4 /nmm-11 at 0 and 90 GPa.

Phase (pI‘CSSUI‘C) C11 C12 C13 C33 C44 C66 BH (GPa) GH (GPa) Y (GPa) v @D (K) Hv

ZrGeS-P4/nmm (0 GPa) 2224 764 614 2344 79.0 1013 126.9 83.5 205.6 0230 468.6 133
ZrGeS-P4/nmm-11 (0 GPa) 2175 822 622 2139 67.1 95.3 125.9 74.9 187.6 0252 4434 10.6
ZrGeS-P4/nmm (90 GPa) 680.7 416.7 2547 808.1 197.6 3714 507.1 2229 583.3 0.308  728.8 15.1
ZrGeS-P4/nmm-11 (90 GPa) 638.5 396.0 2883 765.0 2433 332.6 552.9 223.7 591.5 0322 7273 134

5. Electronic properties

The electronic properties of the newly predicted ZrXY
are also investigated by calculating their electronic density of
states (DOS) and band structures. The results show that all
of these newly founded structures are metallic. We show the

electronic band structures and DOS of the P4/nmm-1I phase of

ZrGeS and the P4/mmm phase of ZrGeSe in Fig. 4. The band
structures and DOS of the remaining newly discovered phase
are attached in Fig. S3. For the P4/nmm-1I phase of ZrGeS,
the DOS near the Fermi level mainly originates from the 4d
orbital of Zr, while the contributions from the 4p orbital of
Ge and S are quite small. The P4/mmm structures of all com-
pounds exhibit similar band structures at high pressure. Like-

056201-4


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac5989

Chin. Phys. B 31, 056201 (2022)

wise, the DOS near the Fermi level mainly originates from Zr
atoms, while the contributions from X and Y atoms are small.
The total DOS at the Fermi level is found to increase in both
IV A and VI A groups as the X atoms move from Si to Ge

—
e}
~

>
[
-
>
0
b
)
=1
€

—
@
~

Energy (eV)

PDOS (states-eV~Lfu.~1)

and Y atoms move from Se to Te. We also calculated the sur-
face states of ZrGeS and ZrGeSe, and the results show strong
metallic behavior. We showed the surface states of ZrGeS at 0
and 90 GPa in Fig. S5.

(b)

Energy (eV)

M r zZ R A Z0 1
PDOS (states-eV~1.fu.71!)

—Se

r z R A zO0 1
PDOS (states-eV~1.fu.~1)

Fig. 4. Calculated band structure. (a), (b) Band structures of the P4/nmm-1II structure of ZrGeS at 0 GPa and 90 GPa. (c), (d) Band structures of the P4/mmm

structure of ZrGeSe at 0 GPa and 120 GPa.

6. Superconductivity

Considering that the metallic high-pressure P4/nmm-11
phase of ZrGeS and the P4/mmm phase of ZrGeSe remain sta-
ble at 0 GPa, we studied the superconducting properties of
ZrGeS and ZrGeSe.

The superconducting critical temperature (7¢) is
estimated using the modified Allen—-Dynes McMillan
equation[7+75!

—1.04(1+ A4
To = 2 Sl ®)

12 P 2w roen)|
The electron—phonon coupling constant (4) can be evalu-
ated using the relation

2
A:z/“Fw(w)dw. )

The Eliashberg spectral function aF is given as

M6(2%()—}‘1(Jz)qj),

1
- 2N (EF) Z Wy (10)

o’F (o)

where @y, and pu* represent the logarithmically averaged

phonon frequency and Coulomb pseudopotential, respectively.

We showed the o?F (@) and accumulated EPC strength
A () of these two structures at 0 GPa and transition pressure,
respectively, for comparison. We also plotted the phonon dis-

persion and linewidth of the phonon spectrum.
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Fig. 5. Phonon spectra (left), phonon density of states projected onto selected atoms (middle), a?F (@) and accumulated EPC strength A (o) (right).
The size of the circles on the phonon dispersion is proportional to the EPC strength. (a) and (b) P4 /nmm-1I structures of ZrGeS at 0 GPa and 90 GPa.

(c) and (d) P4/mmm structures of ZrGeSe at 0 GPa and 120 GPa.

For ZrGeS, the phonon DOS is separated into two regions
at both pressures. The low-frequency modes (0-200 cm™') at
0 GPa and (0-363 cm™") at 90 GPa are associated with vi-
brations of heavy Zr and Ge atoms, while the high-frequency
branches (220-330 cm™!) at 0 GPa and (380-525 cm™1) at
90 GPa mainly originate from S atoms. The high-frequency
part of phonon DOS is slightly different at 0 GPa and 90 GPa.
At 90 GPa, the high-frequency part contains a small portion
of Zr atom vibrations, which cannot be neglected, while at
0 GPa, almost all high-frequency phonon DOSs arise from S
atoms. This is understandable because at high pressure, the
shorter in-plane bond of Zr and S gives the relatively larger
phonon DOS of Zr. From the phonon dispersion, it can be
seen that when the pressure drops, the phonon modes are soft-
ened without a significant change in shape. Meanwhile, the
EPC strength contributed by the low frequency at 0 GPa is
stronger than that at 90 GPa. From Figs. 5(a) and 5(b), we
can tell that almost all of the phonon modes contribute to A at
0 GPa and 90 GPa. In contrast, high-frequency phonon modes
at 0 GPa contribute approximately 20% to the total A, while
at 90 GPa, high-frequency phonon modes contribute approx-
imately 34% of A. Although high-frequency phonon modes
contribute more at high pressure, their 7 drops as all the spec-
tra harden. Our theoretical analysis provides the estimation of
EPC A = 0.75, logarithmic average frequency @i, = 197 K,
and T; = 8.10 K with a commonly used Coulomb repulsion
coefficient of u* = 0.1 at 0 GPa.
phonon dispersion hardened, and combined with shrinkage of

At high pressure, the

the phonon dispersion linewidth, 7; decreased to 1.48 K at
90 GPa with A = 0.395, @, = 380 K.

For ZrGeSe, our theoretical analysis provides the estima-
tion of A = 0.75, wog = 197.6 K, T, = 8.04 K with u* = 0.1
at 0 GPa, while at 90 GPa, A = 0.337, w,, = 348.4 K,
T. = 0.47 K. For phonon DOS, unlike ZrGeS, all the atoms
are involved in the entire frequency range. This is consistent
with the expectations of the relatively strong bonding of Zr,
Ge, and Se atoms. From Figs. 5(c) and 5(d), we can clearly
see that as the pressure drops, both the phonon dispersion and
phonon DOS are greatly altered. The phonon DOS of ZrGeSe
at 120 GPa in the high-frequency region at approximately
384 cm~! accounts for a relatively large portion of the to-
tal phonon DOS. As pressure drops, the phonon DOS of these
high-frequency regions has mostly changed, except for two en-
ergy regions: one is approximately 220 cm~! of Se and the
other is 204 cm™! of Zr and Ge. From the phonon dispersion,
it can be seen that some modes of ZrGeSe are significantly
softened, especially along the G-X-M-G path. The largest e—
ph coupling values occur for X(0,0.5,0) and G(0,0,0), and
these modes with maximal coupling are depicted in Fig. 6. As
shown in Fig. 6(a), for high symmetry point X, the vibrations
are composed of (I) a relative motion mode of the Zr1 and two
Ge atoms along the c-axis and (II) a mode where the two lay-
ers of Se atoms move in opposite directions along the a-axis.
In Figs. 6(b)-6(d), we display three different modes for high
symmetry point G: Fig. 6(b), Zrl and Zr2, Ge and Se atoms
relatively vibrate along the (1,1/2,0) direction; Fig. 6(c), Zrl
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and Zr2, Ge and Se atoms relatively vibrate along the b-axis;
Fig. 6(d), Zr1, Se and Ge atoms relatively vibrate along the
c-axis. These modes shift from ~ 200 cm~! at 90 GPa to
~ 50 cm™! at 0 GPa. We can then distinguish three regions
in a?F(®) at 0 GPa: a low-energy region from 29 cm~! to
79 cm~!, an intermediate region from 79 em! to 196 cm™ !,
and a high-energy region from 196 cm~! to 234 cm™!'. We
found that the relative contributions of each region are consid-
erably different. The low-energy modes contribute ~ 19.5%
of the total A, intermediate-energy modes contribute ~ 73%
of A, and high-energy modes contribute ~ 7.5% of A.

Fig. 6. Vibration of the relative motion mode of (a) X and (b—(d) G.

7. Conclusion

We carried out crystal structure predictions of the ZrXY
system under high pressure. Four new structures were found,
namely, P4/nmm-II, Cmcm, Imm2, and P4/mmm. The cal-
culation results of the formation energy, phonon spectra, and
mechanical stability indicate that the high-pressure structures
The P4/nmm-11 structure of ZrGeSe and the
P4/mmm structure of ZrGeSe have no imaginary frequencies

are stable.

at 0 GPa, which indicates that they may be quenchable to at-
mospheric pressure. The P4/nmm structure of ZrGeS under-
goes an isosymmetric phase transition, and the hardness of
the denser structure is less than that of the initial structure,

which is somewhat anti-intuitive since the hardness usually in-
creases with density. The P4/nmm-II phase of ZrGeS and the
P4/mmm phase of ZrGeSe are superconductors. The T; of the
two phases gradually increases with decreasing pressure, from
1.5Kat90 GPato 8.1 Kat 0 GPaand 0.5 K at 90 GPa to 8.0 K
at 0 GPa, respectively. Our study expands the understanding
of ZrXY systems under high-pressure conditions and provides
theoretical guidance and support for high-pressure supercon-
ductivity in this family.

Acknowledgments

J.S. thanks the financial support from the National Nat-
ural Science Foundation of China (Grant Nos. 12125404,
11974162, and 11834006) and the Fundamental Research
Funds for the Central Universities, China. The calculations
were carried out using supercomputers at the High Perfor-
mance Computing Center of Collaborative Innovation Cen-
ter of Advanced Microstructures, the high-performance super-
computing center of Nanjing University.

References

[1] Arnold F, Shekhar C, Wu S C, Sun Y, dos Reis R D, Kumar N, Nau-
mann M, Ajeesh M O, Schmidt M, Grushin A G, Bardarson J H,
Baenitz M, Sokolov D, Borrmann H, Nicklas M, Felser C, Hassinger E
and Yan B 2016 Nat. Commun. 7 11615

[2] Liang T, Gibson Q, Ali M N, Liu M, Cava R J and Ong N P 2015 Nat.
Mater. 14 280

[3] Shekhar C, Nayak A K, Sun Y, Schmidt M, Nicklas M, Leermakers I,
Zeitler U, Skourski Y, Wosnitza J, Liu Z, Chen Y, Schnelle W, Bor-
rmann H, Grin Y, Felser C and Yan B 2015 Nat. Phys. 11 645

[4] Wang Z, Zheng Y, Shen Z, Lu Y, Fang H, Sheng F, Zhou Y, Yang X,
Li Y, Feng C and Xu Z A 2016 Phys. Rev. B 93 121112

[5] Huang X, Zhao L, Long Y, Wang P, Chen D, Yang Z, Liang H, Xue M,
Weng H, Fang Z, Dai X and Chen G 2015 Phys. Rev. X 5031023

[6] Xiong J, Kushwaha S, Krizan J, Liang T, Cava R J and Ong N P 2016
Europhys. Lett. 114 27002

[7] Ghimire N J, Luo Y, Neupane M, Williams D J, Bauer E D and Ron-
ning F 2015 J. Phys.: Condens. Matter 27 152201

[8] Wang H, Wang H, Liu H, Lu H, Yang W, Jia S, Liu X J, Xie X C, Wei J
and Wang J 2016 Nat. Mater. 15 38

[9] Sasaki S, Kriener M, Segawa K, Yada K, Tanaka Y, Sato M and Ando Y
2011 Phys. Rev. Lett. 107 217001

[10] ZhangJ L, Zhang S J, Weng HM, Zhang W, Yang L X, Liu Q Q, Feng
SM, Wang XC, YuRC, CaoLZ, Wang L, Yang W G, Liu H Z, Zhao
WY, Zhang S C, Dai X, Fang Z and Jin C Q 2011 Proc. Natl. Acad.
Sci. USA 108 24

[11] Zhang P, Wang Z, Wu X, Yaji K, Ishida Y, Kohama Y, Dai G, Sun Y,
Bareille C, Kuroda K, Kondo T, Okazaki K, Kindo K, Wang X, Jin C,
Hu J, Thomale R, Sumida K, Wu S, Miyamoto K, Okuda T, Ding H,
Gu G D, Tamegai T, Kawakami T, Sato M and Shin S 2019 Nat. Phys.
1541

[12] Young S M and Kane C L 2015 Phys. Rev. Lett. 115 126803

[13] Yan M, Huang H, Zhang K, Wang E, Yao W, Deng K, Wan G, Zhang H,
AritaM, Yang H, Sun Z, Yao H, Wu Y, Fan S, Duan W and Zhou S 2017
Nat. Commun. 8 257

[14] Xiong J, Kushwaha S K, Liang T, Krizan J W, Hirschberger M,
Wang W, Cava R J and Ong N P 2015 Science 350 413

[15] Borisenko S, Gibson Q, Evtushinsky D, Zabolotnyy V, Biichner B and
Cava R J 2014 Phys. Rev. Lett. 113 027603

[16] Yang L X, Liu Z K, Sun Y, Peng H, Yang H F, Zhang T, Zhou B,
Zhang Y, Guo Y F, Rahn M, Prabhakaran D, Hussain Z, Mo S K,
Felser C, Yan B and Chen Y L 2015 Nat. Phys. 11 728

056201-7


http://dx.doi.org/10.1038/ncomms11615
http://dx.doi.org/10.1038/nmat4143
http://dx.doi.org/10.1038/nmat4143
https://doi.org/10.1038/NPHYS3372
http://dx.doi.org/10.1103/PhysRevB.93.121112
http://dx.doi.org/10.1103/PhysRevX.5.031023
http://dx.doi.org/10.1209/0295-5075/114/27002
http://dx.doi.org/10.1209/0295-5075/114/27002
http://dx.doi.org/10.1088/0953-8984/27/15/152201
http://dx.doi.org/10.1038/nmat4456
http://dx.doi.org/10.1103/PhysRevLett.107.217001
http://dx.doi.org/10.1073/pnas.1014085108
http://dx.doi.org/10.1073/pnas.1014085108
http://dx.doi.org/10.1038/s41567-018-0280-z
http://dx.doi.org/10.1038/s41567-018-0280-z
http://dx.doi.org/10.1103/PhysRevLett.115.126803
http://dx.doi.org/10.1038/s41467-017-00280-6
http://dx.doi.org/10.1038/s41467-017-00280-6
http://dx.doi.org/10.1126/science.aac6089
http://dx.doi.org/10.1103/PhysRevLett.113.027603
http://dx.doi.org/10.1038/nphys3425

Chin. Phys. B 31, 056201 (2022)

[17]

[18]

[19]
[20]
[21]
[22]
[23]
[24]

[25]
[26]

[27]

[28]

[29]
[30]
[31]
[32]
[33]
[34]

[35]

[36]
[37]
[38]

[39]
[40]

[41]

[42]

[43]

LvB Q, Xu N, Weng HM, MaJ Z, Richard P, Huang X C, Zhao L X,
Chen G F, Matt C E, Bisti F, Strocov V N, Mesot J, Fang Z, Dai X,
Qian T, Shi M and Ding H 2015 Nat. Phys. 11 724

Xu S Y, Alidoust N, Belopolski I, Yuan Z, Bian G, Chang T R,
Zheng H, Strocov V N, Sanchez D S, Chang G, Zhang C, Mou D,
Wu Y, Huang L, Lee C C, Huang S M, Wang B, Bansil A, Jeng HT,
Neupert T, Kaminski A, Lin H, Jia S and Zahid Hasan M 2015 Nat.
Phys. 11 748

Xu G, Weng H, Wang Z, Dai X and Fang Z 2011 Phys. Rev. Lett. 107
186806

Kim HJ, Kim K S, Wang J F, Sasaki M, Satoh N, Ohnishi A, Kitaura M,
Yang M and Li L 2013 Phys. Rev. Lett. 111 246603

Weng H, Fang C, Fang Z, Bernevig B A and Dai X 2015 Phys. Rev. X
5011029

Kim Y, Wieder B J, Kane C L and Rappe A M 2015 Phys. Rev. Lett.
115 036806

Yu R, Weng H, Fang Z, Dai X and Hu X 2015 Phys. Rev. Lett. 115
036807

HuJ, Tang Z, Liu J, Liu X, Zhu Y, Graf D, Myhro K, Tran S, Lau C N,
Wei J and Mao Z 2016 Phys. Rev. Lett. 117 016602

Yan Z and Wang Z 2016 Phys. Rev. Lett. 117 087402

Wang Z, Wieder B J, Li J, Yan B and Bernevig B A 2019 Phys. Rev.
Lett. 123 186401

Feng B, Fu B, Kasamatsu S, Ito S, Cheng P, Liu C C, Feng Y, Wu S,
Mahatha S K, Sheverdyaeva P, Moras P, Arita M, Sugino O, Chiang
T C, Shimada K, Miyamoto K, Okuda T, Wu K, Chen L, Yao Y and
Matsuda 12017 Nat. Commun. 8 1007

Kim K, Seo J, Lee E, Ko K T, Kim B S, Jang B G, Ok J M, Lee J,
Jo Y J, Kang W, Shim J H, Kim C, Yeom H W, Il Min B, Yang B J and
Kim J S 2018 Nat. Mater. 17 794

Wang S S, Wu W K and Yang S Y 2019 Acta. Phys. Sin. 68 227101 (in
Chinese)

Bensch W, Helmer O, Muhler M, Ebert H and Knecht M 1995 J. Phys.
Chem. 99 3326

Salmankurt B and Duman S 2017 Philosophical Magazine 97 175
Hosen M M 2018 Phys. Rev. B 97 121103(R)

VanGennep D, Paul T A, Yerger C W, Weir S T, Vohra Y K and Hamlin
J 12019 Phys. Rev. B99 085204

Hul,Zhu Y L, Graf D, Tang Z J, LiuJ Y and Mao Z Q 2017 Phys. Rev.
B 95205134

Chen F C, Fei Y, Li S J, Wang Q, Luo X, Yan J, Lu W J, Tong P, Song
W H, Zhu X B, Zhang L, Zhou H B, Zheng F W, Zhang P, Lichtenstein
A L, Katsnelson M I, Yin Y, Hao N and Sun Y P 2020 Phys. Rev. Lett.
124 236601

Xu B, Zhao L X, Marsik P, Sheveleva E, Lyzwa F, Dai Y M, Chen G F,
Qiu X G and Bernhard C 2018 Phys. Rev. Lett. 121 187401

LvY Y, Zhang B B, Li X, Yao S H, Chen Y B, Zhou J, Zhang S T, Lu
M H and Chen Y F 2016 Appl. Phys. Lett. 108 244101

Ebad Allah J, Afonso J F, Krottenmiiller M, Hu J, Zhu Y L, Mao Z Q,
Kunes J and Kuntscher C A 2019 Phys. Rev. B 99 125154

Yen Y and Guo G Y 2020 Phys. Rev. B 101 064430
GuCC,HulJ,Chen XL,GuoZP,FuB T, Zhou Y H, An C, Zhou Y,
Zhang RR, Xi C Y, Gu Q Y, Park C, Shu H'Y, Yang W G, Pi L, Zhang
Y H, Yao Y G, Yang Z R, Zhou J H, Sun J, Mao Z Q and Tian M L
2019 Phys. Rev. B 100 205124

Sankar R, Peramaiyan G, Muthuselvam I P, Butler C J, Dimitri K, Ne-
upane M, Rao G N, Lin M T and Chou F C 2017 Sci. Rep. 7 40603
LouR,MaJZ,XuQN,FuB B, Kong LY, Shi Y G, Richard P, Weng
H M, Fang Z, Sun S S, Wang Q, Lei H C, Qian T, Ding H and Wang
S C 2016 Phys. Rev. B93 241104

Krottenmiiller M, Vost M, Unglert N, Ebad-Allah J, Eickerling G,
Volkmer D, Hu J, Zhu Y L, Mao Z Q, Scherer W and Kuntscher C A
2020 Phys. Rev. B101 081108

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]
[571

[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]

[66]

[67]

[68]

[69]
[70]

[71]

[72]
(73]
[74]
[75]

056201-8

Neupane M, Belopolski I, Hosen M M, Sanchez D S, Sankar R,
Szlawska M, Xu S Y, Dimitri K, Dhakal N, Maldonado P, Oppeneer
P M, Kaczorowski D, Chou F, Hasan M Z and Durakiewicz T 2016
Phys. Rev. B 93201104

Orbani¢ F, Novak M, Glumac Z, McCollam A, Tang L and Kokanovi¢ I
2021 Phys. Rev. B 103 045122

Hong G H, Wang C W, Jiang J, Chen C, Cui S T, Yang HF, Liang A J,
LiuS,Lv Y Y, Zhou J, Chen Y B, Yao S H, Lu M H, Chen Y F, Wang
M X, Yang L X, Liu Z K and Chen Y L 2018 Chin. Phys. B 27 017105
Singha R, Pariari A K, Satpati B and Mandal P 2017 Proc. Natl. Acad.
Sci. USA 114 2468

Zhou Y, Lu P, Du Y, Zhu X, Zhang G, Zhang R, Shao D, Chen X,
Wang X, Tian M, Sun J, Wan X, Yang Z, Yang W, Zhang Y and Xing D
2016 Phys. Rev. Lett. 117 146402

Lu P, Kim J S, Yang J, Gao H, Wu J, Shao D, Li B, Zhou D, Sun J,
Akinwande D, Xing D and Lin J F 2016 Phys. Rev. B 94 224512

Wu J, Feng Z, Wang J, Chen Q, Ding C, Chen T, Guo Z, Wen J, Shi Y,
Xing D and Sun J 2019 Phys. Rev. B 100 060103

Chen T, Gu Q, Chen Q, Wang X, Pickard C J, Needs R J, Xing D and
Sun J 2020 Phys. Rev. B 101 054518

Chen Y, Hu Q M and Yang R 2012 Phys. Rev. Lett. 109 157004

Pal S, Arora R, Roychowdhury S, Harnagea L, Saurabh K, Shenoy S,
Muthu D V S, Biswas K, Waghmare U V and Sood A K 2020 Phys.
Rev. B 101 155202

Ebad-Allah J, Krottenmiiller M, Hu J, Zhu Y L, Mao Z Q and
Kuntscher C A 2019 Phys. Rev. B 99 245133

Xia K, Gao H, Liu C, Yuan J, Sun J, Wang H T and Xing D 2018 Sci.
Bull. 63 817

Gao H, Wang J, Han Y and Sun J 2021 Fundam. Res. 1 466

Wang X, Chen T, Cogollo-Olivo B H, Ding C, Huang T, Lu Q and Sun J
2021 Phys. Rev. B 104 064104

Blochl P E 1994 Phys. Rev. B 50 17953

Kresse G and Furthmiiller J 1996 Comput. Mater. Sci. 6 15

Perdew J P, Burke K and Ernzerhof M 1996 Phys. Rev. Lett. 77 3865
Momma K and Izumi F 2011 J. Appl. Crystal. 44 1272

Togo A and Tanaka I 2015 Scr: Mater. 108 1

Hill R 1952 Proc. Phys. Soc. A 65 349

Chen X Q, Niu H, Li D and Li Y 2011 Intermetallics 19 1275
Giannozzi P, Baroni S, Bonini N, Calandra M, Car R, Cavazzoni C,
Ceresoli D, Chiarotti G L, Cococcioni M, Dabo I, Dal Corso A,
de Gironcoli S, Fabris S, Fratesi G, Gebauer R, Gerstmann U,
Gougoussis C, Kokalj A, Lazzeri M, Martin-Samos L, Marzari N,
Mauri F, Mazzarello R, Paolini S, Pasquarello A, Paulatto L, Sbrac-
cia C, Scandolo S, Sclauzero G, Seitsonen A P, Smogunov A, Umari P
and Wentzcovitch R M 2009 J. Phys.: Condens. Matter 21 395502

Mostofi A A, Yates J R, Lee Y S, Souza I, Vanderbilt D and Marzari N
2008 Comput. Phys. Commun. 178 685

Sancho M P L, Sancho J M L, Sancho J M L and Rubio J 1985 J. Phys.
F: Met. Phys. 15 851

Wu Q, Zhang S, Song H F, Troyer M and Soluyanov A A 2018 Comput.
Phys. Commun. 224 405

Wang C and Hughbanks T 1995 Inorg. Chem. 34 5524

Clarke S M, Steele B A, Kroonblawd M P, Zhang D, Kuo I F W and
Stavrou E 2020 J. Phys. Chem. B 124 1

Gupta S N, Singh A, Sarkar S, Muthu D V S, Sampath S, Waghmare U
and Sood A K 2020 Phys. Rev. B 101 035123

Yang J, Jiao Y, Han Y H and Li J 2016 Chin. Phys. Lett. 33 086201
Watt J P and Peselnick L 1980 J. Appl. Phys. 51 1525

McMillan W L 1968 Phys. Rev. 167 331

Allen P B and Dynes R C 1975 Phys. Rev. B 12 905


http://dx.doi.org/10.1038/nphys3426
http://dx.doi.org/10.1038/nphys3437
http://dx.doi.org/10.1038/nphys3437
http://dx.doi.org/10.1103/PhysRevLett.107.186806
http://dx.doi.org/10.1103/PhysRevLett.107.186806
http://dx.doi.org/10.1103/PhysRevLett.111.246603
http://dx.doi.org/10.1103/PhysRevX.5.011029
http://dx.doi.org/10.1103/PhysRevX.5.011029
http://dx.doi.org/10.1103/PhysRevLett.115.036806
http://dx.doi.org/10.1103/PhysRevLett.115.036806
http://dx.doi.org/10.1103/PhysRevLett.115.036807
http://dx.doi.org/10.1103/PhysRevLett.115.036807
http://dx.doi.org/10.1103/PhysRevLett.117.016602
http://dx.doi.org/10.1103/PhysRevLett.117.087402
http://dx.doi.org/10.1103/PhysRevLett.123.186401
http://dx.doi.org/10.1103/PhysRevLett.123.186401
http://dx.doi.org/10.1038/s41467-017-01108-z
http://dx.doi.org/10.1038/s41563-018-0132-3
http://dx.doi.org/10.7498/aps.68.20191538
http://dx.doi.org/10.7498/aps.68.20191538
http://dx.doi.org/10.1021/j100010a050
http://dx.doi.org/10.1021/j100010a050
http://dx.doi.org/10.1080/14786435.2016.1250967
http://dx.doi.org/10.1103/PhysRevB.97.121103
http://dx.doi.org/10.1103/PhysRevB.99.085204
http://dx.doi.org/10.1103/PhysRevB.95.205134
http://dx.doi.org/10.1103/PhysRevB.95.205134
http://dx.doi.org/10.1103/PhysRevLett.124.236601
http://dx.doi.org/10.1103/PhysRevLett.124.236601
http://dx.doi.org/10.1103/PhysRevLett.121.187401
http://dx.doi.org/10.1063/1.4953772
http://dx.doi.org/10.1103/PhysRevB.99.125154
http://dx.doi.org/10.1103/PhysRevB.101.064430
http://dx.doi.org/10.1103/PhysRevB.100.205124
http://dx.doi.org/10.1038/srep40603
http://dx.doi.org/10.1103/PhysRevB.93.241104
http://dx.doi.org/10.1103/PhysRevB.101.081108
https://doi.org/10.1103/PhysRevB.93.201104
https://doi.org/10.1103/PhysRevB.93.201104
http://dx.doi.org/10.1103/PhysRevB.103.045122
http://dx.doi.org/10.1088/1674-1056/27/1/017105
http://dx.doi.org/10.1073/pnas.1618004114
http://dx.doi.org/10.1073/pnas.1618004114
http://dx.doi.org/10.1103/PhysRevLett.117.146402
http://dx.doi.org/10.1103/PhysRevB.94.224512
http://dx.doi.org/10.1103/PhysRevB.100.060103
http://dx.doi.org/10.1103/PhysRevB.101.054518
http://dx.doi.org/10.1103/PhysRevLett.109.157004
http://dx.doi.org/10.1103/PhysRevB.101.155202
http://dx.doi.org/10.1103/PhysRevB.101.155202
http://dx.doi.org/10.1103/PhysRevB.99.245133
http://dx.doi.org/10.1016/j.scib.2018.05.027
http://dx.doi.org/10.1016/j.scib.2018.05.027
http://dx.doi.org/10.1016/j.fmre.2021.06.005
http://dx.doi.org/10.1103/PhysRevB.104.064104
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1107/S0021889811038970
http://dx.doi.org/10.1016/j.scriptamat.2015.07.021
http://dx.doi.org/10.1088/0370-1298/65/5/307
http://dx.doi.org/10.1016/j.intermet.2011.03.026
http://dx.doi.org/10.1088/0953-8984/21/39/395502
http://dx.doi.org/10.1016/j.cpc.2007.11.016
http://dx.doi.org/10.1088/0305-4608/15/4/009
http://dx.doi.org/10.1088/0305-4608/15/4/009
http://dx.doi.org/10.1016/j.cpc.2017.09.033
http://dx.doi.org/10.1016/j.cpc.2017.09.033
http://dx.doi.org/10.1021/ic00126a024
http://dx.doi.org/10.1021/acs.jpcb.9b07313
http://dx.doi.org/10.1103/PhysRevB.101.035123
http://dx.doi.org/10.1088/0256-307X/33/8/086201
http://dx.doi.org/10.1063/1.327804
http://dx.doi.org/10.1103/PhysRev.167.331
http://dx.doi.org/10.1103/PhysRevB.12.905

	1. Introduction
	2. Computational method
	3. High pressure structures
	4. Stability and mechanical properties
	5. Electronic properties
	6. Superconductivity
	7. Conclusion
	References

