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Semimetallic superconductivity in cubic Ndsln:
a first-principles insight into indium-based

Arafat Rahman, Alamgir Kabir @ * and Tareq Mahmud

The quest for materials that simultaneously exhibit superconductivity and nontrivial topology has drawn
significant attention in recent years, driven by their potential to host exotic quantum states. Their unique
coexistence often leads to rich physics and potential applications in quantum technologies. Here, we
predict cubic Ndsln as an exceptional candidate in this class, combining strong-coupling superconductivity

with distinctive topological features. Using first-principles calculations, we find that the strong-coupling

superconductivity in Ndsln arises primarily due to pronounced Fermi surface nesting, leading to an
electron—phonon coupling constant of A = 1.39. Our fully anisotropic Migdal—Eliashberg analysis predicts

a superconducting transition temperature T. =

14 K at ambient pressure, which is the highest value

reported so far among cubic semimetallic superconductors. When subjected to a pressure of 15 GPa, T,
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increases further to 18 K. Beyond superconductivity, NdzIn is found to be a Weyl semimetal, as evidenced

by the presence of Fermi arcs and nontrivial Z, topological invariants, confirming its topological nature.
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1. Introduction

Semimetallic superconductors lie at the forefront of condensed
matter physics, where the interplay between topological states
and electron—-phonon interactions gives rise to novel quantum
phenomena.'** These superconductors not only host Majorana
fermions which are crucial for quantum information technol-
ogies and topological quantum computation protected from
decoherence' " but also give rise to a variety of intriguing
quantum phenomena, including topological quantum spin
liquids,** the quantum Hall effect,***® quantum transport,*-*
and potential applications in high-speed electronics.** Both
layered and bulk materials have been found to host semi-
metallic superconductivity, expanding the landscape for
exploring exotic quantum phases.**?** Among layered materials,
W,N; stands out with a predicted superconducting transition
temperature T, of 21-28 K, which is one of the highest reported
in semimetallic systems.** Unlike layered materials, bulk
compounds such as AuCus-type intermetallics are known for
their simple cubic symmetry and the versatility of their
intriguing properties, such as magnetic ordering,** heavy
fermion behavior,**** topological characteristics***® and
superconductivity.*”-** Beyond superconductivity, many AuCus-
type intermetallics also display topological superconductivity.
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The combination of strong-coupling superconductivity and nontrivial topological states makes Ndsln
a promising candidate for quantum transport and topological quantum computation.

For instance, SnzCa (T, = 4.2 K), a superconducting semi-
metal®® known for its potential in quantum computing,*
whereas Sn;Y (T, = 7 K) hosts nontrivial band topology,**** and
Snzla (T. = 5.9-6.3 K) displays similar traits under applied
pressure.>* Additionally, the Tl;Y and Pb;Y compounds exhibit
Rashba-like surface states and phonon-mediated supercon-
ductivity, with transition temperatures of T, = 4.37 K and 2.17
K, respectively.>® These low T, superconductors have become
integral to technologies such as fusion reactors, particle accel-
erators, magnetic resonance imaging (MRI), and super-
conducting radio frequency (SRF) cavities.”® For example,
NbsSn, with a transition temperature of 7. = 18.3 K,*® is widely
utilized in the aforementioned; technologies.’”* Moreover,
recent experiments have been able to detect the presence of
topologically protected surface states in superconductors,
including the observation of chiral surface states®~* and Fermi
arcs in semimetallic systems.**®* These discoveries have
significantly advanced the field, expanding the frontier of both
fundamental physics and practical applications.

Despite Indium (In) being a well-known elemental super-
conductor, research on In-based superconducting compounds
has remained limited. Most available studies were conducted
several decades ago and include compounds such as LazIn (T, =
9.5 K),* InzCe (T, = 0.2 K),*” InHg (T, = 3.1-4.5 K),** InSn (T, =
3.4-6.6 K),* InTI (T, = 2.5-3.8 K),”° and InSb (T, = 1.88 K).” This
lack of recent investigation reveals a significant gap in the study
of In-based superconductors, especially in the context of
modern materials discovery. Furthermore it has been observed
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that rare earth substitutions particularly involving Neodymium
(Nd) have demonstrated notable success in enhancing 7. across
various systems.”>”* This suggests that the unique combination
of In and Nd in Nd;In could provide a promising route for
improving superconducting properties. Moreover, X-ray
diffraction analysis indicates that Nd;In crystallizes in a cubic
structure,” aligning it structurally with the class of previously
discussed AuCu3-type cubic superconductors. The presence of
heavy atoms such as Nd and In in Nd;In is expected to produce
strong spin-orbit coupling effects that significantly influence its
electronic structure and give rise to topological phases, while
also enabling spintronic applications.”® Exploring the super-
conducting and topological aspects of Ndz;In not only revives
interest in In-based superconductors but also contributes to the
broader search for high-performance semimetallic supercon-
ductors within the AuCu3-type family. In this study, we present
a comprehensive theoretical investigation of the electronic,
phononic, superconducting, and topological properties of cubic
Nd;In. The study begins with the analysis of the electronic
structure including spin-orbit coupling in Section 3.1, followed
by phonon calculations to investigate lattice dynamics and
possible soft modes in Section 3.2. In Section 3.3, we evaluate
the Fermi surface nesting and electron-phonon coupling to
uncover the microscopic origin of superconductivity in NdzIn.
Finally, Section 3.4 is devoted to exploring its topological
characteristics.

2. Methodology and crystal structure

The crystal structure of Nd;In belongs to the primitive cubic
space group Pm3m (No. 221), with a calculated lattice parameter
of 4.977 A (4.982 A with SOC), which are in close agreement with
the experimentally reported value.”™”” In this structure, the In
atom occupies the high-symmetry 1a Wyckoff position at the
origin (0.0, 0.0, 0.0), while the Nd atoms are located at the 3c
Wyckoff positions with fractional coordinates (0.0, 0.5, 0.5),
(0.5, 0.0, 0.5), and (0.5, 0.5, 0.0). The optimized crystal structure
of Nd;In and its corresponding Brillouin zone are illustrated in
Fig. 1(a) and (b), respectively.

First-principles calculations based on density functional
theory (DFT) are performed using the plane-wave pseudo-
potential code Quantum ESPRESSO.”® The exchange-correlation
potential is treated within the generalized gradient approxi-
mation (GGA) using the Perdew-Burke-Ernzerhof (PBE) func-
tional. Scalar-relativistic ultrasoft pseudopotentials are used for

Fig. 1

(a) Crystal structure and (b) Brillouin zone of Ndsln.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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both Nd and In atoms. For Nd, the 4f electrons are strongly
localized and therefore excluded from the valence states. They
are treated as frozen core states following the standard open-
core approach, since conventional DFT does not provide a reli-
able description of localized f electrons.”®' The valence elec-
tron configurations considered are 4d, 5s, and 5p for In, and 5d,
6s, and 6p for Nd. A kinetic energy cutoff of 75 Ry is used for the
plane-wave basis set, with a charge density cutoff of 350 Ry. The
Brillouin zone is sampled using a I'-centered 24 x 24 X 24 k-
mesh. Gaussian smearing with a width of 0.0125 Ry is applied
for electronic occupations. Structural relaxations are carried out
until the total energy and atomic forces converge below 1.0 x
107" Ry and 1.0 x 10® Ry per Bohr, respectively. Phonon
dispersions, electron-phonon interactions, and super-
conducting parameters are evaluated using density functional
perturbation theory (DFPT). For accurate estimation of super-
conducting properties, the EPW package is employed, which
uses Wannier interpolation of electron-phonon matrix
elements to efficiently calculate key quantities on dense grids.*
It should be noted that EPW cannot be applied within DFT + U
calculations, which are often required for localized f systems.
Furthermore, the use of hybrid functionals would improve the
electronic description but is computationally expensive and
beyond the scope of this study. The superconducting transition
temperature 7. is estimated using the Allen-Dynes modification
of the McMillan formula:*

Tc:ﬁﬁ?ozgexp{ —1.04(1 + 2) } )

A— 1 (1+0.622)

where ), denotes the logarithmic average of phonon
frequencies, and u* is the retarded Coulomb pseudopotential.
The correction factors f; and f, are expressed as
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With w, being the mean-square phonon frequency defined by

1 [@max D ZF 1/2
wy = [; L aT(w)wzdw} (3)

The total electron-phonon coupling (EPC) constant 2 is
given by

1=2 J: 7“25 ©) 44, (4)

where o’F(w) is the Eliashberg spectral function, defined as.

D(ZF((L)) = NLFZZLgmnv(k? q)|26(gmk - 51’)
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Here, g,.,(k,q) are the electron-phonon matrix elements, and
w,q are the phonon frequencies. To further investigate the
electronic structure, the Fermi surface nesting function {(q) is
computed as

1

_JBde26(8nk — 81:) X 6(8m,k+q — SF) (6)

£q) = I

where Qp; is the Brillouin zone volume and ¢y is the Fermi
energy. Topological properties, including surface states and
invariants, are computed using WANNIER90 (ref. 84) and
WANNIERTOOLS.* Maximally localized Wannier functions are
constructed with spin-orbit coupling (SOC), and surface
Green's function methods are used to resolve the surface band
structure. Topological invariants are evaluated from the
Wannier-based tight-binding model.

3. Results and discussion

3.1. Electronic properties

The orbital projected band structure of Nd;In (without SOC),
along with its DOS is shown in Fig. 2. As shown in the right
panel of Fig. 2, the Nd d states dominate the electronic structure
across the entire energy range. Notably, the primary contribu-
tion at the Fermi level comes from the Nd d,? orbitals, followed
by the d.y, d;, and Nd p orbitals, as these are the most saturated
near the Fermi energy. The left panel of Fig. 2 illustrates bands
22, 23, and 24 intersect the Fermi level, resulting in the

View Article Online
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Fig. 3 (a) Fermi surface in reciprocal space. (b) Contours of the Fermi
surface on the k, = O plane, with dashed lines indicating the high
symmetry points.

formation of three distinct Fermi surfaces, all displayed
together in a single plot in Fig. 3(a). The Fermi surface arising
from band 22 forms a hole pocket around the I' point, primarily
composed of Nd p orbital character and outlined by the black
contour as illustrated in Fig. 3(b). Band 23 gives rise to hole-like
pockets near the M point and four electron-like pockets along
the M-T" direction, as indicated by the purple contours in
Fig. 3(b). These hole pockets near the M point can be explicitly
seen in Fig. 3(a). These features predominately originate from
Nd d., and d,: orbitals. Lastly, band 24 forms a nearly rectan-
gular electron-like pocket, indicated by the medium purple

E - Ef[eV]

Nd:dz2
In:d

© Nd:dzy
In:p
Nd:dzx
Nd:dx2-y2

—3r X M F

K-points

R X7123456789
DOS (states/eV)

Fig.2 Orbital projected electronic band structure and corresponding density of states (DOS) for NdsIn. The Fermi energy (EF) is set to zero and
indicated by the dashed horizontal line. The size of the colored scatter points is proportional to the contribution from the selected atomic
orbitals. Several Weyl points are observed in the band structure, among which a few representative points are highlighted. The red-shaded region
in the left panel marks the locations of type-1 Weyl points, which occur between bands 24 and 25.
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contours in Fig. 3(b), primarily originating from the Nd d,
orbital. Within this rectangular pocket, four smaller hole
pockets are embedded, which stem from the Nd d., d,, and p
orbitals. A particularly striking characteristic of the Fermi
surface is the presence of several nearly parallel segments,
indicating strong Fermi surface nesting, which leads to strong
electron-phonon interaction.**®® The nesting vectors can be
identified along the I"-X, I'-M, and I'-X; directions, connecting
flat regions of the Fermi surface. Upon the inclusion of spin-
orbit coupling (SOC), six bands (indexed 43 to 48) are observed
to cross the Fermi level, with three of them being pairwise
degenerate, as illustrated in Fig. 4(a). The corresponding
density of states at the Fermi level, N (EF), shows a slight
decrease from approximately 6.192 eV (without SOC) to
6.118 eV, as presented in Fig. 4(b), indicating that SOC has
a minimal effect on the overall electronic density of states in
Nd;In. However, SOC significantly affects the band structure of
Nd;In by lifting degeneracies and opening finite energy gaps as
shown in Fig. 4(c). The bulk band structure without SOC hosts
several Weyl points of both type-I and type-II, a few of which are
marked in Fig. 2. Type-I Weyl points correspond to band
crossings that produce point-like Fermi surfaces, whereas type-
II Weyl points occur at the intersection between electron and
hole pockets, giving rise to significantly tilted Weyl cones.”®**
When SOC is included, a number of these Weyl crossings are
lifted, modifying the bulk electronic spectrum. This effect can
be clearly seen in Fig. 4(c). In the case without SOC, three band-
touching points appear within the plotted energy range,
dividing the spectrum into four distinct regions labeled I-IV.
These touching points prevent the opening of a global gap and
give rise to apparent partial-gap features. Upon inclusion of
SOC, two of these Weyl points are annihilated due to SOC

View Article Online
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induced splitting, leaving only a single Weyl point between
regions I and II. As a result, the spectrum reorganizes into two
main regions, and although partial gaps are present, no full
insulating gap opens. The persistence of this Weyl point
ensures that Nd;In retains its semimetallic character under SOC
rather than becoming a topological insulator. This behavior is
consistent with previous reports on SOC in topological semi-
metals, where SOC often eliminates some Weyl nodes but leaves
others intact, thereby stabilizing the Weyl semimetal phase.**
Additionally, the SOC band structure exhibits double degen-
eracy throughout the Brillouin zone, indicative of Kramers
degeneracy.” This degeneracy indicates the preservation of
time-reversal symmetry (TRS) in the system and suggests the
possibility of nontrivial topological properties.” These obser-
vations indicate the presence of nontrivial topological states in
Nd;In, the detailed analysis of which is presented in Section 3.4.
Furthermore, SOC also alters the orbital character and the
topology of the Fermi surfaces. The dominant states now arise
form the Nd d,._,, d,, and d,: orbitals, with a noticeable
increase in the contribution from In p orbitals, which previously
played a minimal role in the non-SOC case. The Fermi surfaces
corresponding to the three non-degenerate bands (bands 44, 46
and 48) are shown in Fig. 5(a), while their degenerate partners
(bands 43, 45, and 47) exhibit identical features and are there-
fore not shown separately. Without SOC, the Fermi surface
features a prominent rectangular electron-like contour,
primarily originating from band 24. After incorporating SOC,
this contour disappears and is replaced by lobed teal-colored
contours shown in Fig. 5(b). This change arises because
bands 46 and 48, which correspond to bands 23 and 24 in the
absence of SOC, become non-degenerate near the Fermi level
along the I'-R and R-M directions. These bands now cross the

In: d (j=2.5)
Nd: dzx (j=2.5)
Nd: p (j=1.5)
In: p (j=1.5)
Nd: dz2 (j=2.5)

?’
Nd: dzy (j=2.5)

Nd: dx2-y2 (j=2.5)

—— Total DOS

—— In: p (j=1.5)
— In: d (j=2.5)
—— Nd: p (j=1.5)
—— Nd:d (j=2.5)

r X M r R
K-points

Fig. 4

X212345678TIN XM

DOS (states/eV) K-points

(a) SOC-induced orbital-projected electronic band structure of NdzIn and (b) the corresponding density of states (DOS). The Fermi energy

(EF) is set to zero and indicated by the dashed horizontal line. The size of the colored scatter points in panel (a) reflects the relative contribution of
the selected atomic orbitals. (c) Effect of SOC on the band structure. Without SOC (upper inset), three band-touching points divide the spectrum
into four regions (I-1V). Inclusion of SOC (lower inset) lifts two of these nodal points, leaving a single Weyl point and partially gapped regions.
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Fig. 5 (a) Fermi surface including spin—orbit coupling (SOC) displayed
in reciprocal space. (b) Cross-sectional contours of the Fermi surface
on the k, = 0 plane, where dashed lines denote high-symmetry points.

Fermi level at different k-points, altering the Fermi surface
topology.

3.2. Phonon dispersion and electron-phonon interaction

The phonon dispersion and projected phonon density of states
(PHDOS) for cubic Nd;In are shown in Fig. 6(a) and (b). The
absence of imaginary frequencies throughout the Brillouin zone
confirms the dynamical stability of the structure. The phonon
spectrum of Nd;In can be divided into three distinct frequency
regions. This distribution reflects the expected behavior that
heavier atoms like Nd vibrate at lower frequencies than lighter
atoms such as In. A closer inspection of the phonon dispersion
reveals the presence of soft phonon modes, or Kohn anomalies,
along specific high-symmetry directions particularly along the
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I'-X-M and R-X paths. Generally, these soft phonon modes are
indicative of strong electron-phonon coupling.®>**

All the three acoustic branches, as shown in Fig. 6(a), exhibit
noticeable softening along these directions, with the sixth
vibrational mode showing pronounced softening along R-X;.
We have also examined the pressure dependence of this
phonon softening, as shown in Fig. S1 of SI Materials.*®

The phonon dispersion weighted by mode-resolved electron—
phonon coupling strength and the corresponding spectral
functions were computed at 10 GPa and 15 GPa pressure. The
softening intensifies under applied pressure, suggesting
a possible enhancement in the superconducting critical
temperature. Fig. 6(c) shows the Eliashberg spectral function
o’F(w) and the cumulative EPC function A(w).

To understand the microscopic origin of the strong electron—
phonon coupling, we analyzed the phonon eigenvectors of the
most strongly coupled modes. Two representative modes with
the highest EPC values (4,,) are highlighted in Fig. 6(a). The
phonon mode at the X point (Mode 1, = 45 cm™ ') is dominated
by the vibrations of two Nd atoms oscillating in opposite
directions, while the remaining atoms remain stationary as
illustrated in Fig. 6(d). The next strongly coupled mode (Mode 2,
~ 65 cm '), also located at the X point, involves one Nd atom
and In atom vibrating out of phase with unequal amplitudes,
while the other atoms remain immobile as shown in Fig. 6(e).
This specific relative motion of the atoms strongly perturbs the
electronic states near the Fermi energy, accounting for its
significant role in the EPC.

To investigate the origin of the Kohn anomalies at ambient
pressure, we computed the Fermi surface nesting function {(Q)
using the EPW code on a dense k-grid of 64 x 64 x 64 and a g-
grid of 32 x 32 x 32, as shown in Fig. 7. The nesting function

1408 o |
low [ high
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~

100

[e¢]
(@)

Mode 2
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(@)
(@]
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N
(@)

N
o

—— Total
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K-points

Fig. 6

X, DOS (states/eV)

a%F(w)

(a) Phonon dispersion relations weighted by the mode-resolved electron—phonon coupling strength 2,4, where magenta shading

indicates stronger coupling and cyan shading denotes weaker coupling. (b) Atom-projected phonon density of states (PHDOS). (c) Eliashberg
spectral function aFlw) and cumulative electron—phonon coupling constant Alw) as functions of phonon frequency. (d—e) Visualization of the

two dominant phonon modes contributing most strongly to the EPC.
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exhibits pronounced peaks along high-symmetry directions
where phonon softening is observed, indicating strong Fermi
surface nesting. At the I point, the prominent peak corresponds
to the entire Fermi surface nesting onto itself, which lacks
physical significance. Fig. 7 shows that {(Q) exhibits notably
high values along the I' — X, I' — X, directions and as well as
between the I' — M path. As previously discussed, this indicates
that parallel segments of the Fermi surface are connected by
specific wave vectors Q, in accordance with the features
observed in the calculated Fermi surfaces shown in Fig. 3(b).
Such nesting enhances the electron-phonon interaction,
leading to strong-coupling and giving rise to Kohn
anomalies.®”***"* We then performed a quantitative evaluation
of the electron-phonon coupling (EPC) strength. Initially,
density-functional perturbation theory (DFPT) calculations on
acoarse 4 x 4 x 4 q-mesh yielded a preliminary EPC constant of
A = 0.982. To obtain a more accurate value, we employed the
EPW code, which utilizes maximally localized Wannier func-
tions (MLWFs) to interpolate the electron-phonon matrix
elements over dense Brillouin zone grids, specifically a 48 x 48
x 48 k-mesh and a 24 x 24 x 24 q-mesh. To construct the
MLWFs, we used initial projections on the Nd d and In p
orbitals. The accuracy of the Wannierization was verified by
comparing the Wannier interpolated band structure with the
original DFT results, as shown in Fig. S2 (see SI Materials®).

e
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From the EPW calculations, we obtained a refined electron—
phonon coupling (EPC) constant of A = 1.394, indicating strong
coupling and suggesting that Nd;In is a promising candidate
for phonon-mediated superconductivity. The dominant contri-
butions to the total EPC arise from soft phonon modes, as
illustrated in Fig. 6 (a), where the mode-resolved coupling
strengths A,, are projected onto the phonon dispersion. A
pronounced enhancement of 44, is observed along the I'-X-M
and R-X; directions, which coincide with regions of phonon
softening. Analysis of A(w) reveals that phonons below 65 cm™*
contribute approximately 62.1% of the total EPC, while
intermediate-frequency modes between 65 and 90 cm™’
account for 20.8%. The remaining contribution comes from
higher-frequency modes.

3.3. Superconductivity

To investigate the superconducting behavior of cubic Nd;In, we
begin by examining the nature of its superconducting gap and
the strength of electron-phonon interactions. Our analysis
reveals that Nd;In exhibits a single-gap superconducting state
across the Fermi surface, as shown in Fig. 8(a). This one gap
nature is further supported by a single, sharp peak in the
superconducting quasiparticle density of states (QDOS) at
different temperatures, illustrated in Fig. 8(b). Tunneling
spectroscopy  experiments can directly probe this

High

Low

Fig. 7 The Fermi surface nesting function C(@) in the k, = 0 plane of NdslIn. SOC is not considered.
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Fig. 8 (a) Energy distribution of the anisotropic superconducting gap
as a function of temperature. (b) The quasiparticle density of states
(DOS) in the superconducting state compared to the normal-state
DOS as a function of energy. The superconducting DOS has been
rescaled to maT.h the normal-state DOS, allowing easy comparison
with experiments. (c) The distribution of anisotropic electron phonon
coupling (EPC) strength 2, showing a wide variation due to strong
anisotropy.

superconducting QDOS.*** Typically, an s-wave superconductor
shows a U-shaped QDOS, while a d-wave superconductor
exhibits a V-shaped profile.'” Our calculated QDOS clearly
displays a U-shaped signature, reflecting conventional s-wave
pairing symmetry in Nd;In. The electron-phonon coupling
(EPC) coefficient in Nd;In exceeds 1.3, indicating a strong-
coupling regime. In such cases, the full Allen-Dynes formula
is typically employed to estimate the superconducting transi-
tion temperature.’” Using the widely accepted Coulomb
pseudopotential value of u* = 0.1,°°"% this approach yields
a predicted T, of 9.498 K. However, the Allen-Dynes formula
does not account for the momentum dependence of the elec-
tron-phonon interaction across the Fermi surface and therefore
fails to accurately describe materials exhibiting significant
anisotropy.'® To better capture the anisotropic nature of EPC in
Nd;In, we analyze the momentum-dependent EPC strength,

defined as A, = > Wy A(k, k',n = 0). As shown in Fig. 8(c), the
7

A values span a wide range from 0.85 to 1.57, clearly indicating
strong anisotropy and underscoring the limitations of isotropic
approximation in this system. To obtain a more reliable esti-
mate of the superconducting critical temperature 7., we employ
fully anisotropic Migda-Eliashberg calculations, which explic-
itly incorporate momentum-dependent electron phonon inter-
actions across the Fermi surface.®”''®''* The temperature

39636 | RSC Adv, 2025, 15, 39630-39641
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evolution of the superconducting energy gap A, is presented in
Fig. 8(a). At 2 K, the gap ranges from 1.75 to 2.30 meV, reflecting
its anisotropic nature. As temperature increases, the gap grad-
ually closes and disappears around 14 K, which we identify as
the true superconducting transition temperature. This value
shows a 32.16% enhancement over the isotropic Allen-Dynes
estimate, highlighting the significance of momentum-
dependent electron-phonon coupling considered in the fully
anisotropic Migdal-Eliashberg formalism, as previously
mentioned. Notably, Nd;In exhibits the highest super-
conducting transition temperature among the AuCus-type
semimetallic superconductors.

Moreover, T, further increases under pressure, reaching 16.5
Kat 10 GPa and 18 K at 15 GPa, as shown in Fig. S3 and S4 (in SI
Materials®). Thus, Nd;In can be classified as a low-T. super-
conductor and, as previously discussed, holds strong potential
for applications in technologies such as MRI, SRF cavities,
fusion reactors, and particle accelerators. Furthermore, the
ratio 2Ay/kgT. = 3.93 exceeds the BCS weak coupling limit of
3.52, underscoring the strong-coupling character of supercon-
ductivity in Nd;In, which primarily originates from the
pronounced Fermi surface nesting. These findings clearly
demonstrate that the isotropic McMillan-Allen-Dynes approach
underestimates 7. in materials with pronounced EPC anisot-
ropy, while the anisotropic Migdal-Eliashberg theory provides
a more robust and detailed understanding of the super-
conducting mechanism.

3.4. Semimetallic topology

As previously discussed, the SOC-induced electronic band
structure of Nd;In suggests the presence of non-trivial topo-
logical behavior, likely arising from time-reversal symmetry
(TRS). As shown in Fig. 9, the three-dimensional band structure
reveals a linear crossing near the I'-M path within the energy
range of 0.10-0.25 eV, indicating the existence of a type-I Weyl
point formed between the lowest conduction band and the
highest valence band. Our primary focus remains on this
particular crossing, which emerges in close proximity to the
Fermi level. Additionally, several other Weyl points of both type-
I and type-II appear at higher energies, as shown in Fig. 2.
However, these states lie far above the Fermi level and are
therefore not discussed here, as they are unlikely to influence
the transport properties significantly. To explore the topological
characteristics of the type-I Weyl point near the Fermi level, we
performed a detailed analysis combining Wannier-based and
symmetry-based topological indicators. The initial step involves
constructing a tight-binding Hamiltonian using maximally
localized Wannier functions (MLWFs), derived from the first-
principles calculations. The orbital analysis confirms that
bands near the Fermi level are mainly derived from Nd
d orbitals. Our self-consistent field (SCF) calculations show that
the total magnetization of the system converges to zero, con-
firming a nonmagnetic ground state for Nd;In. To ensure that
this phase is indeed the most stable, we explicitly considered
ferromagnetic (FM), antiferromagnetic (AFM), and nonmag-
netic (NM) configurations. The total energies of these

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05713b

Open Access Article. Published on 21 October 2025. Downloaded on 4/2/2026 12:42:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

1.00

0.50

0.00

-0.50

E - Ef (eV)

-1.00
—0.4_ e
—0.1_ é

< 02 _ )

.
0.5

0.667 0.333

e Minimal Gap
@ Projection on k-k,

Fig.9 3D plot of the electronic band structure (with SOC) showing the
Weyl point located between the topmost valence and lowest
conduction bands. The projection of the Weyl point onto the k,—k,
plane is marked with a red dot.

configurations are summarized in Table Al in the SI. The
combination of zero magnetization and preserved time-reversal
symmetry (TRS) motivates the calculation of Z, topological
invariants to determine the system's topological classifica-
tion."” These invariants are computed between bands 48 and 49
using the evolution of Wannier charge centers (WCCs),"**** as
implemented in the WANNIER- TOOLS package. Fig. 10(a)—(f)
displays the evolution of the Wannier charge centers (WCCs)
across the six time-reversal invariant momentum (TRIM)

(@) kx=0 (b) kx = 0.5 () ky=0
8) of &)
(@] O @]
= = =
0.0 05 0.0 0.0
ky
(@ k= 0.5 (&) ke =0

WCC
WCC
WCC

0.0 0.5 0.0 0.5 0.0 0.5
kx ky ky

Fig. 10 Evolution of Wannier charge centers (WCCs) on different
time-reversal invariant momentum (TRIM) planes.
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Table 1 Z, topological invariants for six time-reversal invariant

momentum (TRIM) planes

Tight-binding Models plane Z, index
ky = 0.0 ky~k, plane 0
ke = 0.5 ky~k, plane 1
ky = 0.0 ky—k, plane 1
k, = 0.5 k.—k, plane 0
k, = 0.0 kx—k, plane 1
k, = 0.5 ke—k, plane 0

planes. As summarized in Table 1, we observe an odd number of
WCC crossings in the k., = 0.5, k, = 0.0, and k, = 0.0 planes,
which correspond to nontrivial Z, indices. In contrast, the kx =
0.0, ky = 0.5, and k, = 0.5 planes exhibit an even number of
crossings, indicating trivial Z, indices. From this data, the
strong and weak Z, indices can be extracted, yielding (vo; v1v,73)
= (1; 100), which indicates that Nd;In exhibits a strong topo-
logical phase. Additionally, employing VASP*** with vasp2trace
and CheckTopologicalMat indicates that Nd;In is an enforced
semimetal with Fermi degeneracy (ESFD), supporting the
presence of a nontrivial topological phase."*® To further eluci-
date the topological character, we compute the surface states on
the (001) surface. These calculations reveal a rich spectrum of
topological surface states (TSSs), as illustrated in Fig. 11(a) and
(c). The surface-projected band structure along the M-I'-M
direction, shown in Fig. 11(a), exhibits a prominent surface
state crossing near the midpoint of I'-M, within the energy
window of 0.10-0.25 eV. This feature corresponds to the bulk
type-I Weyl point observed along the I'-M path. As discussed
previously, the inclusion of SOC lifts some of the Weyl nodes
and modifies the bulk band structure. Although partial gaps
appear, no full insulating gap opens across the Brillouin zone.
Consequently, Nd;In retains its semimetallic character, and the
corresponding surface states remain topologically nontrivial, as
evidenced by a distinct linear crossing that connects the valence
and conduction bands within the partially gapped region. This
bridge is highlighted in the magnified inset of Fig. 11(a),
underscoring the topological origin of the surface state. The
existence of Weyl points in the bulk leads to topologically pro-
tected surface states called Fermi arcs that connect projections
of Weyl points with opposite chirality.""” As shown in Fig. 11(b),
the Fermi arcs clearly connect the projected Weyl points,
thereby confirming the topologically nontrivial nature of the
material. We have also investigated the surface states along the
M-X-M high-symmetry direction, as illustrated in Fig. 11(c).
Notably, around the X point, Rashba splitting occurs near
0.30 eV, where the initially degenerate topological surface states
(TSSs) split into two distinct branches.” A similar feature is
evident along the I'-M-T" path near —0.75 eV, highlighting the
presence of Rashba-like TSSs that are of considerable interest in
spintronics."*®**?

Before concluding, we briefly discuss the compositional
variant In;Nd, with the corresponding results summarized in SI
Materials.”® The thermodynamic stability of both In;Nd and
Nd;In was evaluated by constructing the convex hull of the Nd-In
system as shown in Fig. S5 of SI Materials. In3Nd crystallizes in
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the AuCu3-type structure with a lattice constant of 4.721 A
without SOC (4.684 A with SOC). We find that this material also
exhibits semimetallic superconductivity. Orbital-projected band
structures and projected density of states without and with SOC
are shown in Fig. S6 and S7, respectively. Fig. S5 reveals several
type-I Weyl points that are gapped out upon inclusion of SOC,
resulting in a continuous gap between the highest valence band
and the lowest conduction band. Notably, a Weyl point is
observed precisely at the Fermi level along the M -I" path. The
semimetallic nature of In;Nd is further supported by the pres-
ence of Fermi arcs, as illustrated in Fig. S8. From the super-
conducting perspective, In;Nd exhibits a low transition
temperature of T, = 0.72 K, with a superconducting gap of 0.11
meV and an electron-phonon coupling constant A = 0.435. This
significant decrease in T relative to Nd;In is primarily attributed
to a substantial decrease in the total electronic density of states at
the Fermi level, which decreases from 6.19 to 1.51 states per eV
due to the Nd-In site interchange. The mode-resolved electron—
phonon coupling strength, Eliashberg spectral function, and
electronic density of states for In;Nd are detailed in Fig. S8.
Interestingly, this valency-exchanged phenomenon is also
observed in the La-In system, where both LazIn and InzLa crys-
tallize in the AuCu3-type structure. While LasIn is a conventional
superconductor,™ its compositional counterpart In;La exhibits
semimetallic superconductivity.**"**

The predictions made in this study offer clear pathways for
experimental validation. ARPES offers direct momentum-
resolved detection of topological surface states, while STM
and quantum oscillations can spatially resolve these states and
reveal signatures of the nontrivial Fermi surface topology.*****”

4. Conclusions

In summary, our comprehensive first-principles investigation
identifies cubic Nd;In as an unexplored semimetallic supercon-
ductor. Starting from its electronic structure, we find that the

39638 | RSC Adv, 2025, 15, 39630-39641

density of states (DOS) near the Fermi level is predominantly
contributed by Nd d orbitals. These orbitals form a three-band
Fermi surface, playing a key role in the superconducting mecha-
nism. The inclusion of spin-orbit coupling (SOC) reveals Kramers
degeneracy and a gap opening. Phonon dispersion analysis
reveals that low-frequency acoustic modes interact strongly with
the electronic states, leading to a significant electron-phonon
coupling (EPC) strength driven by pronounced Fermi nesting,
consistent with strong-coupling superconductivity. To accurately
capture its superconducting behavior, we solve the fully aniso-
tropic Migdal-Eliashberg equations, yielding a superconducting
transition temperature of 7, = 14 K at ambient pressure. Despite
the pronounced anisotropy in the EPC, the superconducting gap
remains single-band in nature. The computed gap to 7 ratio, 24/
keT., significantly exceeds the BCS weak-coupling limit, further
confirming the strong-coupling character of superconductivity in
this material. In addition to its superconducting properties, Nd;In
hosts nontrivial band topology, exhibiting characteristics of
a Weyl semimetal. The topological analysis reveals surface Fermi
arcs and a strong topological index with Z, invariants (vo; v1v,v3) =
(1; 100), indicating a strong topological phase. The coexistence of
strong-coupling superconductivity and nontrivial band topology
makes Nd;In a promising candidate for applications in quantum
transport, topological quantum computing, and quantum infor-
mation technology.
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