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Experimental and first-principles studies on superconductivity in noncentrosymmetric La3Se4
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We report the synthesis and detailed characterization of superconducting La3Se4, with Tc ∼ 8.5 ± 0.1 K,
using x-ray diffraction, electrical transport, magnetization, and heat capacity measurements. La3Se4 crystallizes
in the noncentrosymmetric cubic Th3P4-type structure with space group I 4̄3d . Characteristic superconduct-
ing parameters such as the lower critical field, upper critical field, thermodynamic critical field, coherence
length, penetration depth, and Ginzburg-Landau parameter have been determined. The specific heat jump at
Tc, �C/γ Tc = 2.04 ± 0.05, exceeds the value for a weakly coupled BCS superconductor, and the electron-
phonon coupling constant is found to be λep = 0.87 ± 0.02, suggesting superconductivity in La3Se4 is in the
strong-coupling regime. The estimated upper critical field is well below the calculated Pauli limit, and the Maki
parameter value (α < 1) indicates that the superconducting upper critical field is dominated by orbital pair
breaking. From density functional theory based first-principles simulations we observe the number of states at
the Fermi energy is dominated mainly by d and f electrons of La. Furthermore, we observe band crossings
along the high-symmetry k lines in the vicinity of the Fermi energy. These bands are observed to split due to the
removal of spin degeneracy associated with spin-orbit coupling, with the splitting energy EASOC ≈ 65 meV.

DOI: 10.1103/PhysRevB.105.014513

I. INTRODUCTION

The discovery of superconductivity in materials lacking
an inversion center has drawn attention to the understanding
of the electronic structure and its relation to the mechanism
of superconductivity [1–7]. The absence of inversion sym-
metry introduces antisymmetric spin-orbit coupling (ASOC)
which lifts the original conduction electron spin degener-
acy at the Fermi level, splitting it into two spin-ordered
subsurfaces. This allows the admixture of spin-singlet and
spin-triplet pairing states within the same orbital channel
[1,8]. Noncentrosymmetric superconductors have attracted
much interest since the discovery of superconductivity in Ce-
based heavy-fermion superconductors such as CePt3Si [9],
CeRhSi3 [10], and CeIrSi3 [11], as they offer a novel plat-
form for unconventional superconductivity by favoring the
pair-mixing mechanism. The other well-known examples of
noncentrosymmetric superconductors are Mg10Ir19B16 [12],
Li2(Pt, Pd)3B [13,14], and Mo3Al2C [15].

La3Se4 belongs to the family of intermetallic rare-earth
chalcogenides, R3X4, where R is a rare-earth metal and X
represents a chalcogenide element (S, Se, or Te). It was first
reported by Meisel [16] and subsequently by Zachariasen in
relation to Ce2S3 [17]. La3Se4 crystallizes in the noncen-
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trosymmetric bcc crystal structure of Th3P4 type, with space
group I 4̄3d . It was reported to be a superconductor with
Tc ∼ 8.6 K [18] and undergoes a cubic (space group: I 4̄3d)
to tetragonal (space group: I 4̄2d) structural phase transfor-
mation below ∼60–72 K [19,20]. Although there are some
reports on superconductivity and the associated structural
phase transition in La3Se4 [19–25], extensive study on the
superconducting properties of this system is still required. In
addition, the lack of inversion symmetry in the crystal struc-
ture opens the channel for a possible mixing of spin-singlet
and spin-triplet states [26]. In the previous studies, however,
there have been no comprehensive reports focusing on the
possible pair-mixing scenario in La3Se4.

It can thus be inferred that there is a clear research gap
in terms of the superconducting characteristics and the elec-
tronic structure of La3Se4. The aim of this study is to fill
this research gap. During this study, we successfully syn-
thesized polycrystalline La3Se4 using the solid-state reaction
technique. Detailed measurements were carried out to study
the electrical transport, magnetic, and thermal properties of
La3Se4. We estimate both the normal-state properties, such
as the Sommerfeld coefficient and density of states, and the
characteristic superconducting parameters, such as the lower
critical field, upper critical field, coherence length, penetration
depth, thermodynamic critical field, and Ginzburg-Landau pa-
rameter. We also estimate the strength of the electron-phonon
pairing in this material, and we find that La3Se4 exhibits a
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superconducting behavior in the strong-coupling limit. The
effect of antisymmetric spin-orbit coupling in the electronic
structure is examined from first-principles simulations. From
our simulations, we observe band crossings in the vicinity of
the Fermi energy. Each of these bands is found to split into
two due to the removal of spin degeneracy after the spin-
orbit coupling is switched on. Furthermore, from a detailed
analysis of electronic structure, we observe that the bands in
the vicinity of the Fermi energy are dominated by the mixed
character of the d and f electrons of La.

II. EXPERIMENTAL AND SIMULATION DETAILS

Polycrystalline samples with a nominal composition of
La3Se4 were synthesized by reacting La and Se (in elemental
form). The stoichiometric amounts of reactants were mixed
well, sealed in an evacuated quartz tube, and annealed at
1173 K for 24 h. The product was again ground, pelletized,
and sintered at 1173 K for 24 h to achieve better phase ho-
mogeneity. The phase purity of the sample was verified with
the powder x-ray diffraction technique using a Bruker D8
Advance diffractometer with Cu Kα radiation. The structural
refinement of powder x-ray diffraction data was carried out
using the Rietveld method with the TOPAS software package
[27]. The field-dependent and temperature-dependent mag-
netic measurements were carried out using a superconducting
quantum interference device (SQUID; Quantum Design). A
conventional four-probe technique was used for the transport
studies. The data were collected for 2–300 K and magnetic
fields up to 7 T using a physical property measurement sys-
tem (PPMS; Quantum Design). The specific heat data were
measured in the PPMS by using the time relaxation technique.

Fully relativistic first-principles simulations of the elec-
tronic structure were carried out using density functional
theory as implemented in the Vienna Ab initio Simula-
tion Package (VASP) [28–30]. The projector augmented-wave
method [31,32] based plane wave basis with an energy cut-
off of 500 eV was used in all the calculations. The effects
of exchange correlation among electrons were incorporated
using the generalized gradient approximation based Perdew-
Burke-Ernzerhof pseudopotential. A convergence criterion of
1.0 × 10−8 eV was used for all self-consistent field calcu-
lations. For geometry optimization, all the structures were
relaxed until the atomic forces decreased below 1.0 × 10−5

eV/Å. An optimized Monkhorst-Pack k mesh of 9 × 9 × 9
was used in all the calculations.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the Rietveld refinement of the room
temperature powder x-ray diffraction pattern of La3Se4. It
crystallizes in the Th3P4- type noncentrosymmetric cubic
structure with space group I 4̄3d , and the lattice parameter is a
= 9.0381(2) Å. The details of the refined structural parameters
are given in Table I. Figure 1(b) depicts the crystal structure
of La3Se4, where La and Se ions occupy the 12a and 16c sites,
respectively, and each La ion is coordinated by eight Se ions.
Due to the polycrystalline nature of the sample, the measured
physical properties are averaged over all the crystallographic
directions. For a cubic crystal structure, however, this would
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FIG. 1. (a) Rietveld refinement of room temperature powder x-
ray diffraction data for polycrystalline La3Se4. Vertical bars indicate
the allowed Bragg’s reflections for La3Se4 and impurity phases. The
blue line indicates the difference in the observed and fitted patterns.
(b) Crystal structure of La3Se4.

not make a significant change in the measured physical pa-
rameters over different directions.

Figure 2(a) shows the temperature dependence of the resis-
tivity data studied under zero magnetic field. As is discernible
from Fig. 2(a), a sharp superconducting transition is observed
at Tc ∼ 8.5 ± 0.1 K with a transition width of �Tc ∼ 1 K.
Superconductivity in La3Se4 is also characterized by the
temperature-dependent DC magnetic susceptibility studied at
an external magnetic field of 100 Oe, as shown in Fig. 2(b).
Due to vortex pinning, the field-cooling signal is much smaller
than the zero-field-cooling signal. The onset of diamagnetism
occurs at ∼8 ± 0.2 K, which is slightly lower than the onset
of the superconducting transition temperature observed in the

TABLE I. Structural, normal-state, and superconducting param-
eters of La3Se4 [space group: I 4̄3d; a = 9.0381(2) Å] with their
respective units.

Atom Site x y z Occu. Beq (Å2)
La 12a 0.375 0.0 0.25 1 2.9(1)
Se 16c 0.0749(5) 0.0749(5) 0.0749(5) 1 4.9(1)

Parameter Value
Tc 8.5 ± 0.1 K
�D 202.8 ± 0.5 K
�C/γ Tc 2.04 ± 0.05
N (EF ) (expt.) 5.8 ± 0.4 states eV−1 f.u.−1

N (EF ) (theory) 9.1 states eV−1 f.u.−1

N (EF ) (theory)(La deficient) 6.4 states eV−1 f.u.−1

γ (expt.) 25.7 ± 1.28 mJ mol−1K−2

γband (theory) 21.46 mJ mol−1K−2

γband (theory)(La deficient) 15.16 mJ mol−1K−2

λep (expt.) 0.87± 0.02
μ0Hc1(0) 10.89 ± 0.03 Oe
μ0Hc2(0) 13.24 ± 0.2 T
μ0Hc(0) 528 ± 18 Oe
μ0HP 29.25 ± 0.2 T
ξGL (0) 4.98 ± 0.03 nm
λGL (0) 875.8 ± 1 nm
κ 175 ± 1
EASOC 65 meV
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FIG. 2. (a) Resistivity as a function of temperature showing the
superconducting transition for La3Se4 at 8.5 K. (b) The observed
zero-field-cooling (ZFC) and field-cooling (FC) susceptibilities at an
applied field of 100 Oe.

transport measurement. The structural phase transition around
60–72 K that was reported earlier [19,25] is not observed
in the resistivity and specific heat data for our sample. The
reason may be a slight La deficiency in the stoichiometry of
La3Se4 [25].

To characterize the superconductivity of La3Se4 further,
temperature-dependent specific heat measurements were car-
ried out at zero field and a magnetic field of 5 T, and the
resulting data are shown in Fig. 3(a). As is discernible from
Fig. 3(b), at zero field, the specific heat shows a jump at
Tc ∼ 7.70 ± 0.3 K, determined using the isoentropic method,
which confirms bulk superconductivity in La3Se4. At μ0H =
5 T, the superconducting anomaly is, however, shifted to
lower temperature, as shown in Fig. 3(a). The extension of
the normal-state behavior towards the lower temperatures at
higher magnetic fields allows the standard estimation of the
Sommerfeld coefficient γ and the phonon specific-heat coef-
ficient β by fitting the equation

C(T )/T = γ + βT 2. (1)

Using our data for 5 T, we obtain γ = 25.7 ± 1.28 mJ
mol−1 K−2 and β = 1.63 ± 0.01 mJ mol−1 K−4 from the fit
shown by the red solid line in Fig. 3(a). Using the value of
the specific heat jump at Tc from Fig. 3(b) along with γ ,
we find the value of �C/γ Tc to be 2.04 ± 0.05. This value
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FIG. 3. (a) C/T vs T 2 data measured at H = 0 T and H = 5 T;
the red solid line represents the fit to the equation C/T = γ + βT 2.
(b) Temperature-dependent specific heat measured at H = 0 T, show-
ing the bulk superconducting jump and isoentropic approach for
obtaining Tc.
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FIG. 4. (a) The zero-field-cooled magnetization M(H ) at differ-
ent temperatures as a function of the magnetic field. (b) Fit of the
Hc1 data to the formula Hc1(T ) = Hc1(0)[1 − (T/Tc )2] to extract the
value of μ0Hc1(0).

is larger than the BCS limit of 1.43 for a weakly coupled
superconductor.

In a simple Debye model for the phonon contribution to
the specific heat, the coefficient β is related to the Debye
temperature �D through the equation

β =
(

12

5

)
nπ4R�−3

D , (2)

where n is the number of atoms in the formula unit and R
is the universal gas constant. Using the value of β, extracted
from the specific heat data, n = 7 for La3Se4, and R = 8.314 J
mol−1 K−1, we obtain the value of �D ≈ 202.8 ± 0.5 K.
Next, we determine the value of the electron-phonon coupling
constant λep using McMillan’s formula [33],

λep = 1.04 + μ∗ ln(�D/1.45Tc )

(1 − 0.62μ∗) ln(�D/1.45Tc) − 1.04
, (3)

where μ∗ is the Coulomb pseudopotential of ≈0.13 for inter-
metallic superconductors. Using this value of μ∗, we obtain
the value of λep ≈ 0.87 ± 0.02. This considerable value of
λep in combination with the value for �C/γ Tc, surpassing
the BCS limit, indicates a strongly coupled superconductivity.
Using the values of γ and λep, we can calculate the density of
states at the Fermi energy N (EF) using the relation N (EF) =
3γ /[π2k2

B(1 + λep)], where kB is the Boltzmann constant. We
obtain N (EF) ≈ 5.8 ± 0.4 states eV−1 f.u.−1 from our exper-
iment.

Next, we determine the lower critical field Hc1 for La3Se4.
For this we carried out field-dependent magnetization mea-
surements at different temperatures; the data are shown in
Fig. 4(a). As is evident from the trends in Fig. 4(a), with
increasing applied magnetic field, the magnetization starts to
deviate from the linear behavior, leading to a lower critical
field for each isotherm. The values of Hc1 obtained for each
isotherm were then plotted as a function of temperature, as
shown in the Fig. 4(b). The Hc1(T ) data show a parabolic
nature and therefore are fitted to the quadratic temperature-
dependent Ginzburg-Landau formula

Hc1(T ) = Hc1(0)(1 − t2), (4)

where t = T/Tc, to extract the value of μ0Hc1(0). The corre-
sponding fit is shown by the solid red line in Fig. 4(b). The
value of μ0Hc1(0) extracted from the fit is 10.89 ± 0.03 Oe.
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FIG. 5. (a) The superconducting transition under various mag-
netic fields. (b) The temperature dependence of the upper critical
field extracted from the resistivity curves. The data are fitted by two
different equations. The inset in (b) shows a linear fit (solid green
line) with a slope of dHc2/dT = −2.02 ± 0.02 T/K.

To determine the upper critical field Hc2 for La3Se4, we
performed temperature-dependent resistivity measurements at
different fields ranging from 0.1 to 7 T, as shown in Fig. 5(a).
Using the value of the resistive onset temperature T onset

c for
different applied magnetic fields, the upper critical fields are
plotted as a function of temperature in Fig. 5(b). As can be ob-
served in Fig. 5(b), the temperature dependence of Hc2 shows
an upward-like feature near Tc. A similar upward-like nature
for Hc2(T ) was also reported in the cases of Nb0.18Re0.82

[34], PbTaSe2 [35], PbTaS2 [36], MgB2 [37], and borocarbide
[38,39] superconductors. This behavior could be attributed to
the multiband nature of the system [40,41]. Such phenomena
can also be explained by the strong spin-orbit coupling model
[42,43]. In the literature [34–36,38], this upward character
of Hc2(T ) is well explained by the temperature-dependent
formula

Hc2(T ) = Hc2(0)(1 − t3/2)3/2, (5)

where t = T/Tc [44–47]. Using this, we observed an excel-
lent fit (shown by the blue line), with R2 = 0.997, of our
Hc2(T ) data and extracted the value of μ0Hc2(0) = 13.24 ±
0.2 T. This value of μ0Hc2(0) is larger than the value of
10.98 ± 0.2 T obtained from the fit (shown by the red line)
using the generalized Ginzburg-Landau formula Hc2(T ) =
Hc2(0)[(1 − t2)/(1 + t2)], where t = T/Tc. The reason for
this is attributed to the better fit using the former expression.
Since the value 13.24 ± 0.2 T is more reliable, in the calcula-
tions of other superconducting parameters we have used this
value.

Using the value of 13.24 ± 0.2 T for μ0Hc2(0) in the
Ginzburg-Landau formula, ξGL(0) = [�0/2πHc2(0)]1/2, with
�0 = h/2e (h is the Plank constant and e is the charge
of the electron), we estimated the value of the coherence
length ξGL(0) = 4.98 ± 0.03 nm. The Ginzburg-Landau su-
perconducting penetration depth λGL, calculated using the
relation μ0Hc1(0) = (�0/4πλ2

GL) ln(λGL/ξGL), is ≈875.8 ±
1 nm. For a superconductor, ξGL is a measure of the range to
which superconducting order will extend in the bulk material,
whereas λGL defines a characteristic length over which the
magnetic field induced supercurrent reduces by a factor of e−1

from its surface value. The characteristic Ginzburg-Landau
parameter [κ = λGL(0)/ξGL(0)] is estimated to be κ = 175 ±
1, which is larger than the limiting value of 1/

√
2 for type-I

superconductors, indicating La3Se4 is a type-II supercon-
ductor. We also estimated the value of the thermodynamic
critical field, which provides a measure of the superconduct-
ing condensation energy, as μ0Hc(0) = 528 ± 18 Oe using
the relation Hc1(0)Hc2(0) = H2

c ln(κ ).
There are two mechanisms to explain the Cooper pair

breaking in a type-II superconductor due to the applied
magnetic field: the orbital-limiting effect and the Pauli para-
magnetic effect. In orbital pair breaking, the field-induced
kinetic energy of a Cooper pair exceeds the superconduct-
ing condensation energy, whereas in the Pauli paramagnetic
effect, the Zeeman splitting energy of electrons exceeds
the superconducting condensation energy, and hence, the
Cooper pair becomes unfavorable. The orbital critical field
for a single-band, BCS-type superconductor is given by the
Werthamer-Helfand-Hohenberg (WHH) formula [48],

Horb
c2 = −ATc

(
dHc2

dT

)
T =Tc

, (6)

where A is 0.69 and 0.73 for the dirty and clean limits, respec-
tively.

In our case, in the vicinity of Tc, the low-field Hc2(T )
data deviate from the WHH approximation due to the positive
curvature and may not exhibit the intrinsic behavior of the
system that to be considered for estimation of μ0Horb

c2 . There-
fore, for the purpose of comparison, we have used the WHH
formalism by taking the slope in the high-field region from 1
to 7 T, where the data follow a significant linear dependence,
rather than the initial slope in the low-field region near Tc.
A similar approach was adapted for PbTaSe2 [35], MgB2

[37], RNi2B2C (R = Y, Lu) [39], and Li2(Pd1−xPtx )3B [49]
to determine the orbital critical field. From the linear fit of
the Hc2 vs T data, shown in the inset in Fig. 5(b), the slope
dHc2/dT = −2.02 ± 0.02 T/K was determined, and using
Tc = 8.5 ± 0.1 K, we estimated the orbital upper critical fields
as μ0Horb

c2 = 11.85 ± 0.3 T and 12.53 ± 0.3 T for the dirty
and clean limits, respectively.

Further, if we consider only the spin paramagnetic ef-
fect, the Pauli limiting upper critical field [50,51] is given
by HP = �/

√
2μB, where μB is the Bohr magneton and for

a weakly coupled BCS superconductor � = 1.76kBTc. In
the case of strongly coupled superconductivity, on the other
hand, the HP value is further enhanced according to the rela-
tion H str

P = HP(1 + λep) [52]. Since our material is inferred
to be a strongly coupled superconductor from the specific
heat studies, HP can be renormalized by the strength of the
electron-phonon coupling. Using this relation, we estimate
the Pauli paramagnetic limiting upper critical field H str

P =
29.25 ± 0.2 T.

Using the value of the orbital critical field and HP, we can
also determine the characteristic Maki parameter, expressed
as α = √

2Horb
c2 /H str

P [53]. α provides a convenient measure
for the relative strength of the orbital and spin pair breaking
mechanisms. The values obtained for α are 0.57 ± 0.04 and
0.61 ± 0.04 for the dirty and clean limits, respectively. A
value of α less than 1 indicates that the upper critical field
in La3Se4 is dominated by the orbital depairing mechanism.
If the upper critical field exceeds the Pauli limit, then the
effect of Pauli pair breaking is non-negligible, and there could
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FIG. 6. The electronic band structure of La3Se4 (a) without and
(d) with spin-orbit coupling. (b) and (c) The orbital-projected bands
without SOC.

be a substantial contribution of spin triplet components, sug-
gesting a possible pair-mixing scenario due to the broken
inversion symmetry. In our case, since the value of the upper
critical field is comparable to the orbital critical field and is
significantly smaller than the Pauli limit, the effect of Pauli
pair breaking is inconsiderable, and hence, the possible pair-
mixing scenario due to the broken inversion symmetry is not
applicable to our system. The normal-state and superconduct-
ing parameters estimated from our measurements are provided
in Table I.

To get further insight into the observed superconductivity
in La3Se4 at low temperature, we examined the electronic
structure from first-principles simulations. In Fig. 6, we show
the electronic band structure of La3Se4 in the vicinity of the
Fermi energy without [Fig. 6(a)] and with spin-orbit coupling
[SOC; Fig. 6(d)]. And in Figs. 6(b) and 6(c) we show the
orbital-projected bands of the d and f electrons of La, respec-
tively. The bands around the Fermi energy are of mixed La d
and f character, with the d contribution being slightly larger
than the f contribution at the Fermi energy. As expected,
the contribution from the f electrons starts dominating in the
conduction band as we move away from the Fermi energy.
There is a negligible contribution from Se, and therefore, it
is not shown in this paper. Looking at the bands close to
the Fermi energy in the absence of SOC, we observe band
crossings along the �-H , �-N , �-P, P-H , and H-N k lines. As
is discernible from Fig. 6(d), after SOC is switched on, each
of these bands splits into two. The reason for this is attributed
to the removal of spin degeneracy due to antisymmetric spin-
orbit coupling. The antisymmetric spin-orbit splitting energy
EASOC for La3Se4 is found to be ≈65 meV. The value of
EASOC for La3Se4 from our simulation is close to the value
obtained in another La-based noncentrosymmetric supercon-
ductor, LaNiC2 (≈42 meV), where two-gap superconductivity
is observed [54].

Figures 7(a) and 7(b) show the density of states (DOS) and
atom-projected DOS without and with SOC, respectively. In
Fig. 7(c) we show the orbital-projected DOS in the presence of
SOC. As observed from Figs. 7(a) and 7(b), the Fermi energy
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FIG. 7. The density of states and atom-projected density of states
(a) without and (b) with spin-orbit coupling. (c) The orbital-projected
density of states with spin-orbit coupling. (d) The density of states of
2.78% La-deficient La3Se4 with spin-orbit coupling.

lies at the local maximum of the DOS, leading to nonzero
states at the Fermi energy. The dominant contribution at the
Fermi energy is from La. One key observation for contri-
butions from La is that, consistent with the band structure,
although the d electrons provide the dominant contribution,
the contribution from the f electrons is not negligible. This
trend is consistent with the previous calculation [55] and could
be attributed to the close energies of the d and f orbitals.
Atomic Se provides a much smaller contribution than La, with
the p electrons contributing the most at the Fermi energy. The
total number of electronic states at the Fermi energy N (EF )
with SOC is ≈9.1 states eV−1 f.u.−1, which is significantly
large and favors the superconducting nature of the material.
One important point to observe in the case of SOC is that
N (EF ) is reduced by ≈40% of its value for the case without
SOC. The reason for this could be attributed to the shifts in
the energies of the d and f orbitals.

The value of the Sommerfeld coefficient obtained using
the relation γband = π2

3 k2
BN (EF ), within the framework of

the lowest-order Sommerfeld expansion of electronic specific
heat, is γband = 21.46 mJ mol−1 K−2. The comparable value,
25.7 mJ mol−1 K−2, of the experimental γ indicates that there
is no scope for the electron-phonon renormalization factor,
γ = γband(1 + λep). The reason for this discrepancy could be
attributed to the slightly electron-deficient sample, possibly
due to very small changes in the stoichiometry, used in the
measurement. The structural phase transition (at ∼60–72 K
[19,20]) in stoichiometric La3Se4 has been found to be very
sensitive to the number of vacancies in the La sites [25]. Par-
ticularly, a vacancy concentration of x = 0.015 in La3−xSe4
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is found to completely suppress the structural transition and,
as a result, the crystal structure remains cubic down to the
lowest studied temperature [25]. Such a small La deficiency
is difficult to precisely detect from energy dispersive x-ray
analysis or powder x-ray diffraction techniques. In our case,
we did not find any evidence of a structural phase transition
down to 2 K for the studied sample from the resistivity,
magnetic susceptibility, and heat capacity measurements. This
further indicates the presence of a slight La deficiency in our
measured sample. To determine the amount of La deficiency
in our sample we carried out a series of deficiency-dependent
electronic structure calculations. In Fig. 7(d) we show the
DOS for a 2.78% La-deficient structure in the presence of
SOC. As we observe from Fig. 7(d), the introduction of La
deficiency leads to a reduction of ∼30% in the value of N (EF )
compared to that of the stoichiometric La3Se4. The value
of N (EF ), 6.4 states eV−1 f.u.−1, for the deficient sample
is comparatively closer to the experimental value, 5.8 ± 0.4
states eV−1 f.u.−1, determined from the specific heat data.
Similarly, the theoretically estimated value γband = 15.16 mJ
mol−1 K−2 for the deficient structure can be substantially cor-
related to the experimental value of γ = 25.7 mJ mol−1 K−2

by the renormalization γ = γband(1 + λep). These results sug-
gest that there is possibly an ≈3% La deficiency present in
our studied sample. A similar effect of deficiency on the DOS
was reported in the cases of La2C3 [56] and (Nb/Ta)Ir2B2 [57]
superconductors.

IV. CONCLUSIONS

In summary, we investigated the superconducting proper-
ties of La3Se4, which has the noncentrosymmetric Th3P4-type
cubic structure. The superconductivity with Tc = 8.5 K was
confirmed by our resistivity, magnetic, and specific heat mea-
surements. From our measurements, we also extracted various
normal-state and superconducting parameters which may be

relevant for future experiments on La3Se4. Our specific heat
measurements suggest that La3Se4 is a strongly coupled su-
perconductor. The estimated upper critical field was found to
be significantly lower than the calculated Pauli paramagnetic
limit when strong spin-orbit coupling is considered, and the
value of the Maki parameter (α < 1) suggested that the upper
critical field is dominated by the orbital depairing mecha-
nism. The first-principles simulations showed a significantly
large number of states at the Fermi energy, supporting the
experimental results for superconductivity. We observed band
crossings near the Fermi energy, where each of these bands
splits due to the spin-orbit coupling. Besides the dominance
of La d electrons in the Fermi level a significant contribution
of La f electrons was also observed. The density of states
at the Fermi level was found to be highly sensitive to the
La deficiency in La3Se4. We found that a La deficiency of
2.78% reduces the value of N (EF ) by 30% and is closer to
the measured value. Based on our combined experimental
plus theoretical study, we find that La3Se4 offers a promising
platform in the area of superconductivity in materials without
inversion symmetry.
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