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Family of binary transition metal pnictide superconductors
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Superconductivity in transition metal nitrides (TMNs) has been investigated for a long time, such as zirconium
nitride (ZrN) with a superconducting transition temperature 7, of 10 K. Recently, a phase diagram has been
revealed in ZrN, with different nitrogen concentrations, which is very similar to that of high-temperature copper
oxide superconductors. Here, we study the TMNs with a face-centered cubic lattice where ZrN and HfN have
been experimentally obtained and predict eight new stable superconductors by the first-principles calculations.
We find that CuN has a high 7. of 30 K with a very strong electron-phonon coupling (EPC) strength. In
contrast to ZrN, CuN has softening acoustic phonons at the high-symmetry point L, which accounts for its
much stronger EPC. In addition, the highly symmetrical structure leads to topological nodal points and lines,
such as the hourglass Weyl loop on the k,/,,, = 0 plane and Weyl points on the k,,,. = 27 /a plane, as well as
quadratic band touch at the I" point. CuN could be a topological superconductor. Our results expand the transition
metal nitrides superconductor family and would be helpful to guide the search for high-temperature topological

superconductors.
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I. INTRODUCTION

Transition metal nitrides (TMNs) as a class of materi-
als with excellent physical properties, such as high hardness
and strength, strong corrosion resistance, high melting point,
good chemical and thermal stability [1-5], have attracted
extensive attention and wide applications in various fields
[6-10]. In addition, many TMNs exhibit superconductivity
[11,12]. Since the 1930s, many TMN superconductors have
been discovered. Nitrogen atoms in these superconductors
provide strong bonding and large electron-phonon coupling
(EPC), resulting in superconductivity [13]. For instance, ZrN
is a typical TMN superconductor, which displays the highest
superconducting transition temperature 7, of 10.0 K among
the IV® TMNs [14,15]. As a hard metal nitride superconduc-
tor, ZrN is suitable for applications under extreme working
conditions, whereas most materials with superior mechani-
cal strength and hardness are semiconductors or insulators,
which lack metallicity and superconductivity [16]. A recent
theoretical study has shown that under tensile strain along
the high-symmetry crystallographic [001] direction, T, of ZrN
can reach 17.1 K [17]. Several other TMN superconductors
have been reported including TiN with a maximal 7, of 6.0 K
[18], HfN with a 7. of 8.8 K [19], VN with a 7, of 8 to
9 K [20], NbN with a 7, of 17 to 18 K [20], TaN with a
T. of 10.8 K [21], and W,N with a T, of 1.3 K [20]. MoN
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has been predicted to have the high 7, since 1981 [11,22]. A
high T, of 30 K was theoretically predicted in MoN, but the
low T; of 5-14 K were obtained in the experiments [23-26]
where the obtained MoN samples were not pure and often
contaminated with Mo,N, y — Mo,N, Mo, or even MoO,
phases.

In addition, studies have shown that the doping has a great
impact on the superconductivity in TMNs. For example, the
TC of TiN0_995, TiN0_95, TiNQ,g, and TiN0_55 are 60, 1.7, 1.5,
and 1.2 K, respectively [27]. Pure VN, 0.5% B-doped VN,
0.5% La-doped VN, 0.2% B, and La each co-doped VN, and
0.5% B and La each co-doped VN have the T, of 9.2, 8.0, 7.8,
8.2 and 5.6 K, respectively [28-30]. ZrN, with different nitro-
gen concentrations has been synthesized recently. Although
ZrN, is generally believed to obey the BCS superconducting
mechanism, the phase diagram of ZrN, is very similar to
that of high-T, copper oxide superconductors, indicating the
possible relation between high-temperature superconductivity
and ZrN, [31].

In this article, we study the face-centered cubic (fcc) TMN
in which ZrN and HfN have been experimentally reported.
By substituting elements, eight new stable superconductors
have been predicted through first-principles calculations. In-
terestingly, we found that CuN has a high 7, of 30 K with
a very strong EPC of 3.099. In contrast to ZrN, CuN has
softening acoustic phonons at the high-symmetry point L,
which accounts for its much stronger EPC. In addition, the
highly symmetrical structure leads to topological nodal points
and lines, such as the hourglass Weyl loop on the k/,,, =0
plane and Weyl points on the k,/,,, = 2 /a plane, as well as
the quadratic band touch at the I" point.

©2023 American Physical Society
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II. CALCULATION METHOD

The first-principles calculations were based on the density-
functional theory (DFT) as implemented in the Vienna
ab initio (VASP) [32] and QUANTUM-ESPRESSO (QE) pack-
ages [33], with the projector augmented-wave method [34].
VASP was used to optimize the structure until the forces
on atoms were less than 1 meV/A, and to calculate the
electronic band structure, within the Perdew-Burke-Ernzerhof
parametrization of the generalized gradient approximation
[35]. The plane-wave cutoff energy was taken as 500 eV. The
Monkhorst-Pack scheme was used to sample the Brillouin
zone (BZ) with a k mesh of 15 x 15 x 15. The calcula-
tions of phonon spectra and superconducting properties were
performed using QE within density-functional perturbation
theory [36] and the Vanderbilt-type ultrasoft potentials [37].
The plane-wave kinetic-energy cutoff was set as 100 Ry and
the q-point mesh in the first BZ was taken as 4 x 4 x 4. An
unshifted k-point mesh of 36 x 36 x 36 was utilized. The
convergence of calculations is discussed in the Supplemental
Material [38]. For EPC calculations, the Methfessel-Paxton
smearing method [39] with a smearing value of 0.015 Ry was
taken.

The BCS theory states that the strength of EPC of a mate-
rial directly affects its superconducting transition temperature.
According to Migdal-Eliashberg theory [40,41], the EPC pa-
rameter A4, can be calculated by

Z0)

Ay = ——————, 1
a T[l’lN(Ep)a)gU M

where y,, is the phonon linewidth, w,, is the phonon fre-
quency, and N(EF) is the electronic density of states at the
Fermi level. y,, can be estimated by
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where Qg7 is the volume of the BZ, ¢, and €, denote the
Kohn-Sham energy, and g, ;. ., represents the EPC matrix
element, which describes the probability amplitude for the
scattering of an electron with a transfer of crystal momentum
g and can be obtained self-consistently by the linear-response
theory [42]. The Eliashberg electron-phonon spectral function
a?F (w), and the cumulative frequency-dependent EPC A(w)
can be calculated by
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Utilizing the calculated o?F () and A(w) together with a
typical value of the effective screened Coulomb repulsion con-
stant u* = 0.1, we calculate the logarithmic average frequency
Wiog by
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FIG. 1. (a) The conventional cell of face-centered cubic lattice
AB. (b) The Fermi surface, (c) electronic band structure and pro-
jected density of states of CulN.

The superconducting transition temperature 7; can be ob-
tained by

(6

Wiog 1.04(1 + 1)
T. = exp| — .
1.2 A —u*(140.621)

When A is larger than 1.5, two separate correction factors
for “strong-coupling correction” f; and “shape correction”
f>» should be considered, which involve one additional
parameter [42],
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III. RESULTS OF CuN

As shown in Fig. 1(a), ZrN has a NaCl-type fcc lattice with
the Fm3m space group. By substituting Zr with other transi-
tion metal elements and N with other VA group elements, we
have obtained eight new structurally stable transition metal
pnictide superconductors by the DFT calculations, including
CdN, CdP, CdAs, CuN, CuSb, HfP, HgSb, and ZnSb. Us-
ing the McMillan-Allen-Dynes approach [42,43] based on
the BCS theory with a typical Coulomb repulsion value of
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TABLE 1. The calculated total EPC A, o, 7. of our proposed
new stable compounds as well as two experimentally synthesized
materials HIN and ZrN for comparison.

A oK) T (K) T (K)

CdN 1.314 199.5 19.86

CdP 1.266 122.0 11.64

CdAs 1.426 94.9 10.29

CuN 3.099 124.2 29.64

CuSb 1.016 84.5 6.03

HfN 0.658 305.9 9.10 8.8 [19]
HfP 0.670 151.8 4.74

HgSb 0.956 85.9 5.57

ZnSb 1.387 93.0 9.81

ZrN 0.657 375.3 10.65 10.0 [14,15]

w* = 0.1, we calculate the T;, EPC stength X, and logarithmic
average frequency wi,, of these superconductors as listed in
Table I. As shown in Sec. S2 of the Supplemental Material
[38], the total EPC A, and 7. for the proposed compounds
in our paper are slightly modified by the spin-orbit coupling
(SOC). In addition, we also calculate the 7, of two experimen-
tally reported TMN superconductors ZrN and HfN, which are
10.93 and 9.1 K, respectively, close to the experimental T, of
10 and 8.8 K. Among these stable fcc TMN superconductors,
CuN has the strongest EPC, and the highest 7, of 30 K among
other TMNSs. For CuN, we tried to use CALYPSO [44] to search
possible stable structures and found that the structures with
the lowest enthalpy predicted by CALYPSO are P1 space group,
not the Fm3m discussed in our paper. Our calculations show
that these P1 structures have imaginary frequency modes in
the phonon spectra, indicating the dynamic instability. It is
noted that CuzN [45] with space-group Pm3m and CuNg
[46] with space-group Pnma have been obtained in experi-
ments. The formation energies of CuzN and CuNy is 0.80 and
1.24 eV /atom above the hull, respectively [47]. These values
are near and even higher than that of CuN (0.84 eV /atom)
[47]. Thus, it is also possible to obtain F m3m CuN in a future
experiment. In the following, we studied CuN as an example
in detail.

A. Crystal structure of CuN

The optimized lattice constant of CuN is 4.177 A.
Figure 1(b) gives the Fermi surface of CuN where red and
blue surfaces represent the different bands crossing the Fermi
surface, which obviously accords with the crystal symmetry
of this structure. Figure 1(c) shows the band structure along
the high-symmetry paths ' = X —U|K-I' =L —W — X and
projected density of states (DOS) of CuN, which show the
metallic property with nearly equal contribution of Cu and N
atoms near the Fermi level.

B. Electronic and topological properties of CulN

Because of the highly symmetric crystal structure, this
material can exhibit many interesting topological properties
in the band structure [48,49]. Figure 2(a) shows the shape
of the nodal loop obtained from the DFT calculations on
the k, = 0 plane within the BZ. Similarly, other two nodal
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FIG. 2. (a) Shape of the Weyl loop on the £, = 0 plane and (b) the
distribution of Weyl points on the k, = 27 /a plane for CuN. (c) The
isoenergy slice at 0.8 eV projected along the k, direction of CuN.
(d) The quadratic band dispersion around I' point. (e) E(k,, k,) on
the k, = 0 plane, and (f) E (k,, k,) on a quarter of the k, = 0 plane of
CuN.

loops appearing on k, =0 and k, = 0 planes can also be
obtained by symmetry. In Fig. 2(c), we plot the constant
energy slice at —0.8 eV, which cuts through the drumhead
states, forming a few arcs. In Fig. 1(c), we can find the band
crossing point along the U — X path. The bands possess dif-
ferent irreducible representations of C, rotation symmetry and
time-reversal symmetry by first-principles calculations. It is a
nontrivial band crossing, leading to a nodal Weyl point. Since
the fourfold rotation symmetry along I' — X, there should
exist another three Weyl points on the k, = 27 /a plane, which
has been shown in Fig. 2(b). In addition, the band dispersion
around I' points is quadratic along all three directions in
k space as shown in Fig. 2(d) as well as Fig. 2(f), indicating
that CuN possesses the quadratic contact point I" protected by
the crystalline symmetry [50]. As discussed in Sec. S2 of the
Supplemental Material [38], the Weyl point is protected by
the C, rotation symmetry and time-reversal symmetry and is
robust against the effect of SOC.

C. Superconductivity and pressure effect of CuN

Topological superconductor with Majorana fermions is
important and attractive in many fields, such as quantum
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FIG. 3. The phonon spectra weighted by the magnitude of EPC
Agv» projected phonon density of states, Eliashberg spectral function
a’F (), and cumulative frequency-dependent EPC A(w) of (a) CuN
and (b) ZrN.

computing [51]. The coexistence of superconductivity and
nontrivial band topology in a system is crucial for the realiza-
tion of topological superconductivity, which is rarely reported
[52-56]. Meanwhile, the 7, of those systems is generally
low. Thus, it is worthwhile to investigate the superconduc-
ing properties in the topological CuN. In Fig. 3, we study
the phonon spectra weighted by the magnitude of EPC A,
projected phonon DOS, Eliashberg spectral function a’F (),
and cumulative frequency-dependent EPC A(w) for CuN and
ZrN. For CuN, the vibration modes can be divided into two
parts: low-frequency modes lower than 8 THz contributed
by both Cu and N atoms and high-frequency modes higher
than 8 THz dominated by vibration of N atoms. For ZrN,
the vibration modes can also be divided into two parts: low-
frequency modes and high-frequency modes dominated by Zr
and N atoms, respectively. Between the two frequency ranges
of ZrN, there is a 4.5 THz phonon gap. It is worth noting
that at the high-symmetry point L, the acoustic phonons of
CuN exhibit obvious softening, accounting for about 83% of
the total EPC (A = 3.099) below 6 THz, whereas ZrN has
no softening acoustic phonons, and the vibration modes of
Zr atom below 7.5 THz only account for 63% of the total
EPC (1 = 0.657) below 7.5 THz. Softening acoustic phonons
are the main source for the large EPC in CuN. At point L,
the vibrations of N atoms appear to be the main reason for
the softening acoustic phonons as shown in Sec. S4 of the
Supplemental Material [38].

Figure 4 gives pressure dependence of logarithmic 7;. and
EPC A of CuN and ZrN, respectively. Their detailed cal-
culation results are listed in Table II. In the calculation of
structural optimization, an energy term E =V x P is added
to the total energy, and the pressure P is added to the diagonal
part of the stress tensor. In this way, the optimized structure
is determined for a target pressure. It can be seen that with
increasing pressure, the EPC A of both CuN and ZrN decrease,

(a) 3.40 : : : : n3.20
A
- A )
. ®  In(Tc) ~
= - S BCS Eq. (10) 1273
¥
N A ke
=
o 3.35} . 1230 <
)
= A N
11.85
A
CuN A -
3300 : ' : - 41 40
70 1 2 3 4 Sh
(b)2.40,- : : : : -0.66
[ Y
2384 - ® In(Tc) B
— - - BCS Eq. (10) V-6
2 5 36 A
) L 0.64
[3) A Tl <
& 234} Tm
= A .
. "0.63
0.6
232 ZiN
2.30(') 1 2 3 4 L10.62
Pressure (GPa)

FIG. 4. Pressure-dependent logarithmic 7. and X of (a) CuN and
(b) ZrN. The dashed line is the fitting according to BCS theory.

resulting in the decrease in 7;.. The calculated dT,./dP of ZrN
is —0.133 K/GPa, which is close to the experimental result of
—0.17 K/GPa [57]. Based on the BCS theory, 7,.(P) obeys the
following relationship [58]:

dInT, dInT, dlnn
=— =— Al ——+ 2y, 10
dlnV dpP v+ {dan+ y} (10)
where B is the bulk modulus, y = —dIn{w)/dInV is

the Griineisen parameter, n = N(Er)(I?) is the Hopfield
parameter [59] with (I?) as the square of the electron-
phonon matrix element averaged over the Fermi surface, and
A = 1.041(1 +0.38 w*)[A — u*(1 4+ 0.621)]72. Because

TABLE II. The DOS at Fermi level N(Er) (in unit of
states/spin/eV /cell), volume of primitive cell V (A3), g (K), A,
and 7. (K) for CuN and ZrN as a function of pressure.

P(GPa) N(Ep) V(AY)  w(K) A T, (K)

CuN 0 8.19 18.22 124.2 3.099 29.64
1 8.15 18.14 154.3 2.377 29.28

2 8.10 18.05 180.1 1.989 29.01

3 8.07 17.97 202.0 1.737 28.50

4 8.03 17.89 217.7 1.587 28.01

5 7.99 17.81 229.1 1.488 27.50

ZrN 0 4.47 24.24 375.3 0.653 10.93
1 4.45 24.15 377.3 0.649 10.80

2 4.43 24.05 381.5 0.643 10.66

3 4.41 23.96 384.7 0.639 10.50

4 4.39 23.87 387.9 0.633 10.39

5 4.38 23.78 391.0 0.629 10.26
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TABLE III. The optimized lattice constants of seven Fm3m
structures CdN, CdP, CdAs, CuSb, HfP, HgSb, and ZnSb.

CdN CdP CdAs CuSb HfP HgSb ZnSb

a(Ay 472 547 5.64 5.15 5.23 6.03 5.65

the first term on the right-hand side of Eq. (10) is smaller than
the second term [60], the sign of dT,./d P is mainly determined
by the relative magnitude of the two terms in curly brackets
in Eq. (10). The Griineisen parameter (y) can be directly ob-
tained from Table II, and the Hopfield term can be determined
by Eq. (10). It can be observed that our calculated results for
ZrN are in perfect agreement with Eq. (10). For CuN, our
calculated, In7T./dP = —0.018 K/GPa from Eq. (10) is also
comparable with the fitting slope —0.015 K/GPa in Fig. 4(a).

Topological superconductor can be achieved through the
proximity effect. There are several approaches to realize the
proximity effect, including the heterostructures of s-wave su-
perconductors and topological insulators, the heterostructures
of s-wave superconductors and semiconductors with strong
SOC and the intrinsic materials with bulk superconductivity
and surface topological Dirac cones. For the last approach,
the intrinsic materials reported in experiments include the
iron-based superconductors [61-68] and the recent kagome
superconductor CsV3Sbs [69]. In our paper, CuN has a T,
of 30 K and the topological surface states at —0.8 eV below
the Fermi level. Because the Fermi level can be shifted to the
position of the topological surface states by hole doping, it is
promising to obtain the topological superconductor due to the
proximity effect with bulk superconductivity and topological
surface states.
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FIG. 5. (a) The electronic band structure, projected DOS,
(b) the phonon spectra, projected DOS, Eliashberg spectral function
a’F (), and the cumulative frequency-dependent EPC A(w) of CdN.

(a) 4

/\ cd
. P
G
;;0 AN I
m /
Ar X UK r L W X0 0.5
(b) s ]
< 0.0 W 2.0
)
z A
§ /( (
AR AN
i ] Cd ||/~ o’F(w)
0 P 1l —No)
I XUK T L W X0 10 2

FIG. 6. Same as Fig. 5 but for CdP.

IV. SUPERCONDUCTIVITY OF OTHER STRUCTURES

In addition to CuN, the other seven superconducting ma-
terials have also been predicted. Through DFT calculations,
we have obtained the optimized lattice constants for these
seven materials as listed in Table III. Figure 5 depicts the
electronic properties, phonon spectra, and EPC A of CdN.
Near the Fermi level, the electronic DOS of N atoms is much
larger than that of Cd atoms, which is different from CuN in
Fig. 3. Due to the similar vibration modes of CdN and CuN,
the main sources of EPC A in CdN are also from the point L
and high-symmetry path K — I" in the low-frequency region.
As shown in Fig. 6, CdP is similar to CdN in electronic and
superconducting properties. The electronic DOS of P atoms is
about three times that of Cd atoms near the Fermi surface, and
the low-frequency vibration modes account for the main part
of the total EPC. The results of CdAs are given in Fig. 7. Its
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FIG. 7. Same as Fig. 5 but for CdAs.

014501-5



LIAO, YI, YOU, GU, AND SU

PHYSICAL REVIEW B 108, 014501 (2023)

(a) 4

Hf
---P

(b)i2
VN
)
2 0.0 mm fq”-
& . 1.0 ur
2 P
o
2 L SN
& LA
O XUK T L W X0 1.50 1

FIG. 8. Same as Fig. 5 but for HfP.

behaviors are very similar to those of CdN and CdP, except
that the phonon DOS of As atoms around 2 THz is greater
than that of Cd atoms. The results of HfP are plotted in Fig. 8.
Unlike CdN, CdP, and CdAs, where the electronic DOS of the
anion is dominant near the Fermi level, the electronic DOS
of Hf atoms is preponderant in HfP, and considerable phonon
DOS at low frequency is obtained.

The results of CuSb are given in Fig. 9. The low-
frequency vibration region is mainly contributed by anion Sb
atoms, whereas the high-frequency region is dominated by
Cu atoms. The main sources of EPC A are from point W,
high-symmetry path K — I', and I' — X in the low-frequency
region.

The results of HgSb are given in Fig. 10. Hg and Sb
atoms have almost equal contributions to phonon DOS be-
low 2 THz. From 2 to 4 THz, the vibrations of Hg and
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FIG. 9. Same as Fig. 5 but for CuSb.
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FIG. 10. Same as Fig. 5 but for HgSb.

Sb atoms are concentrated around 2.2 and 3.1 THz, respec-
tively. The EPC A remains steadily increasing until 3.5 THz.
The results of ZnSb are given in Fig. 11. ZnSb and HgSb
display similar electronic DOS. For ZnSb, Zn and Sb con-
tribute to both high- and low-frequency vibrations, such as
CuSb. The EPC A is mainly contributed by the low-frequency
vibration modes at point L, high-symmetry paths K — I,
and I' — X.

V. SUMMARY

To summarize, we have found eight new stable transition
metal pnictide superconductors by the first-principle calcula-
tions. Among these superconductors, CuN is found to have
the strongest EPC of 3.099 and the highest 7, of 30 K. Con-
sidering the high-symmery crystal structure, we have obtained
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FIG. 11. Same as Fig. 5 but for ZnSb.
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the quadratic contact point at I' where the band dispersion
is quadratic along all three directions in k space. Besides,
the Weyl loop on the k. = 0 plane and the Weyl points
on the ky/,;; =27 /a plane have also been uncovered, in-
dicating the topological properties of CuN. The Weyl point
is protected by the C, rotation symmetry and time-reversal
symmetry and is robust against the effect of SOC. In contrast
to ZrN, we find that the softening acoustic phonon models in
CuN are responsible for the much higher EPC strength and
the much higher 7.. By studying the relationship between T
and pressure, we find that both ZrN and CuN match well
with the BCS superconducting mechanism. Our results not
only predict CuN having the highest 7, in TMN superconduc-
tors, but also offer new materials with both superconductivity
and novel topology in band structures that would be helpful
for studying Majorana zero modes in topological quantum
computation.
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