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Superconductivity with strong electron-phonon coupling in noncentrosymmetric W3Al,C
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We report the discovery of superconductivity in W3Al,C (7, = 7.6 K) synthesized by high-pressure method.
W3 ALC is isostructural to Mo; Al,C (space group P4;32) but with stronger spin-orbit coupling (SOC). Different
from the Mo3;AL,C with metallic nature, the resistivity of the normal state of W3Al,C shows a nonmetallic
behavior. A specific-heat jump of AC,,/yT. = 2.7 and gap energy of 2A(0)/yT. = 5.43 are observed, which
are much larger than that of Mo;ALC (2.1 and 4.03) and the expectation of Bardeen-Cooper-Schrieffer theory
(1.43 and 3.52). However, the Sommerfeld coefficient of W3Al,C is less than half of that of its Mo counterpart,
and the specific heat above 2 K shows a power-law divergence following C,,/yT. ~ (T/ 7.)*3 rather than an
exponential relation. Theoretical calculations show that the Fermi surface of W3Al,C is dominated by W-5d
electrons and the inclusion of SOC significantly changes its band structure, density of states, and Fermi surface
topology. The realization of superconductivity by replacing 4d Mo toward 54 W provides a candidate for the

search of potential triplet superconductors with enhanced SOC.

DOI: 10.1103/PhysRevB.100.094522

I. INTRODUCTION

The majority of superconductors discovered so far have
inversion centers. As a result, Cooper pairs are either classified
as spin singlet of even parity or spin triplet of odd parity due
to Pauli exclusion principle and parity conservation. While
spin-singlet pairing is prevalent, the superconductivity with
spin triplet is rare and considered as a characteristic feature of
correlated electron system [1]. When the inversion symmetry
is broken, the crystal structure will automatically generate an
electrical field gradient, and spin is thus no longer a good
quantum number. A Rashba-type antisymmetric spin-orbit
coupling will remove the spin degeneracy of electrons and
lead to an admixture of spin-singlet and spin-triplet state [2].
The mixing degree of the spin triplet, on the other hand, is
dedicated to the strength of spin-orbit coupling (SOC) [3-12].

A prominent example is the Li,(Pd;_,Pt,);B system with a
space group of P43;32 [13-15]. Being a conventional Bardeen-
Cooper-Schrieffer (BCS) superconductor on the Li,Pd;B
side, the system gradually transforms into a spin triplet on
the Li,Pt3B side, together with dramatic changes in the band
and gap structures [16—19]. The enhancement of SOC by the
substitution of 4d-Pd to the 5d-Pt plays an important role.
Recently, noncentrosymmetric Mo3Al,C (P4,32) raised a lot
of attention [20]. Mo3Al,C shares a quite similar geometric
configuration with Liy(Pd;_,Pt,);B by replacing the left-
hand 43 screw axis to a right-hand 4, axis. In the supercon-
ducting state, a deviation from the exponential temperature
dependence can be observed from both heat capacity and
the spin-lattice relaxation rate of >’ Al from the nuclear mag-
netic resonance (NMR) [20]. In the normal state, a charge-
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density-wave-like (CDW) partial gap opening [21,22] and
a pseudogap feature [23] were observed. On the contrary,
low-temperature heat capacity [24], London penetration depth
[25], and SR measurements [26] did not find evidence for
spin triplet due to its trace fraction. It is natural to expect
an enhancement of SOC if the 4d-Mo could be replaced by
5d-W, which may further alter the pairing mechanism from
singlet- to triplet-dominant pairing. However, conventional
synthesis routes such as arc melting and radio frequency (RF)
fail to give the desired phase.

In this paper, we report the discovery of a noncentrosym-
metric superconductor W3Al,C by high-pressure synthesis
method. W3AIL,C shows a T, of 7.6 K and is isostructural to
Mos Al C. A systematic study of W3Al,C through electrical
resistivity, magnetization, and heat capacity reveals distinctly
different physical properties from the MosAl,C, such as
nonmetallic normal state, small Sommerfeld coefficient (y),
strong electron-phonon coupling strength, and large super-
conducting gap energy. First-principles calculation shows the
Fermi surface is dominated by the W-5d orbitals and the in-
clusion of SOC has a profound influence on its band structure
and Fermi surface topology.

II. METHODS

The mixture of high-purity W, Al, and C powder (Kojundo
Chemical Laboratory Co. Ltd.) were first ball-milled in the
glove box for two days to ensure the homogeneity. The
optimal mole ratio is determined to be W:Al:C = 3:1.8:0.8.
After ball-milling, the mixture was pressed into a pellets
and then placed into an A-BN capsule. The samples were
heated at 2173 K and 5 GPa for 24 h by using a belt-
type high-pressure apparatus, which is followed by slow
cooling to room temperature within one day. The powder
x-ray diffraction (XRD) patterns were taken using a Bruker
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FIG. 1. Rietveld refinement of the powder x-ray diffraction pat-
tern taken at room temperature with Cu K« radiation. Around 2 wt.%
impurity of WC is included in the refinement. The space group of
W3ALC is P4,32. W, Al, and C are located at 12d, 8c, and 4a
site, respectively. The reflections of W3Al,C and a small amount of
WC impurity are indicated by vertical bars. Refinement results are
included in Table I.

D8 Advance diffractometer with Cu-Ko radiation at room
temperature. The open sources software package FULLPROF
was used for Rietveld refinement [27] and the crystal structure
was drew by VESTA [28]. Transport, magnetic, and thermody-
namic properties were measured using the Physical Property
Measurement System (PPMS, Quantum Design) and SQUID
vibrating sample magnetometer (SVSM, Quantum Design).
W and Al were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) while carbon con-
tent was determined by high-frequency infrared carbon and
sulfur analyzer. Density functional theory (DFT) calculations
employ the projector augmented wave (PAW) method en-
coded in the Vienna ab initio simulation package (VASP)
[29-31]. The projector augmented-wave method is used to
describe the wave functions near the core, and the general-
ized gradient approximation (GGA) within the Perdew-Burke-
Ernzerhof (PBE) parametrization is employed as the electron
exchange-correlation functional [32]. We relax the lattice
constants, and internal atomic positions with the plane-wave
cutoff energy of 500 eV and forces are minimized to less
than 0.01 eV/A. The number of K points in the Monkhorst-
Pack scheme [33] was 7 x 7 x 7 for structure relaxation and
10 x 10 x 10 for self-consistent calculations.

III. RESULTS AND DISCUSSION

Figure 1 shows the Rietveld refinement of powder x-ray
diffraction and the refinement results are included in Table I.
The nominal composition of W3Al; gCy g gives the minimum
content of impurities. It should be noted that powder x-ray
diffraction cannot distinguish chirality. High-quality single-
crystal diffraction is thus needed to answer this question.
Considering the vicinity of W and Mo, we adopt S-Mn
structure with a space group of P4;32 (No. 213) in the
refinement. As shown in the inset, each carbon is surrounded

TABLE 1. Rietveld refinement result and atomic location of
W;AlLC.

Space group P4,32
a(A) 6.8757(1)
Z 4
Bond length (A) C-W 2.148
Bond angle (°) W,-C-W, 82.98
W,-C-W3; 85.12
Atom X y z
w 0.125 0.206 0.456
Al 0.061 0.061 0.061
C 0.375 0.375 0.375

by six tungsten atoms to form a W¢C octahedron. These
octahedra show a slight distortion with different bond an-
gles and connect with each other through point sharing. Al
atoms reside in the interstitial sites. The lattice parameter of
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FIG. 2. (a) Temperature dependence of resistivity of W3AlL,C.
The normal state of W3Al,C shows a slight negative slope with a
residual resistivity at around 215 €2 cm. The resistivity starts to drop
at 7.6 K and reaches zero at 7.5 K. Inset is the enlargement of the
resistivity above the 7. (b) Zero field cooling (ZFC) and field cooling
(FC) magnetization of W3Al,C from 1.8-14 K.
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FIG. 3. (a) Temperature dependence of the resistivity at a various external field. (b) Transition temperatures extracted from (a) and the
respective fitting by using formula (2). (c) Magnetic hysteresis of W3Al,C at various temperature. (d) Lower critical field puoH,, of W3Al,C as
a function of temperature. The red line is a linear fit and blue broken the parabolic fit.

W;ALC is 6.8757 A, which is merely 0.14% larger than that
of Mo3AlL,C (6.866 A) due to the orbital contraction effect
of 5d elements. Theoretical calculation shows the MosAl,C
structure can be dynamically stabilized by the emergence
of carbon vacancies, while no deficiency of Al is reported
so far [34]. The composition determined by ICP-AES and
infrared absorption is W3Al; 73Cy g, indicating the existence
of vacancies at both Al and C sites and agreeing well with the
nominal composition. No trace of superstructure peaks can
be observed from the x-ray diffraction pattern, which means
both C and Al vacancies tend to be randomly distributed in
the lattice. In this paper, we use W3Al,C for the sake of
simplicity.

The temperature dependence of resistivity is shown in
Fig. 2(a). The residual resistivity of W3Al,C was determined
to be around 215 p$2cm by a linear extrapolation, which is
comparable to the ~180 ©2cm in Mo3;Al,C. However, the
normal state shows a negative slope (dp/dT = —0.2) from
300 to 7.6 K as shown in the inset of Fig. 2(a). This is incon-
sistent with the metallic behavior in Mo3Al,C over the whole
temperature range. The temperature-independent resistivity is
also observed in Ir(Se/Te), [35], chiral noncentrosymmetric
TaRh,;B, [36], and high-entropy REOg sFysBiS, [37]. It is
possible that the grain boundaries scatter the electrons and
enhance the resistivity. But, considering the polycrystallinity
of both W3Al,C and Mo3Al,C and the former should have
a better contact due to the high-pressure synthesis condition,
we suggest this nonmetallic behavior in W3Al,C should be
intrinsic. Another possibility is a three-dimensional Anderson
localization caused by the random onsite occupation of carbon

and aluminum [38]. High-quality single crystals are needed to
clarify this problem. Below 7.6 K, a sharp drop was observed,
indicating the onset of superconductivity with a transition
width of 0.1 K. The x(T) curves [Fig. 2(b)] show the onset
of the superconducting transition at 7, = 7.5 K, in agreement
with the values determined from electrical resistivity and heat
capacity (see below). A full Meissner state is reached at 6.5 K.

Figure 3(a) shows the suppression of 7. with the increase
of the external magnetic field from 0 to 9 T. We used the
T™d a5 the transition temperature and summarized them into
Fig. 3(b). The upper magnetic field poH.(0) to be 13.1 T by
using Werthamer-Helfand-Hohenberg (WHH) formula

dHcZ
H,=0691{ — | T.
Mollc2 (dT )T

ey
and using the slopes of dH/dT at T. which is —2.5 T /K.

A complementary estimation of the H,, from an empirical

formula

(1-1%)

- 2
1412 @

t =T /T, which gave an upper critical field of 15.4 T. The
Pauli-Clogston field is poH,(0) = 1.84 T, = 14 T. The coher-
ence length (&) can be acquired from Ginzburg-Landau (GL)
equation

moHn = Ho(0)

oH:(0) = &o/27E], A3)

where @ is the magnetic flux unit. By using noH(0) <10T,
the calculated & should be no larger than 5.7 nm. The magne-
tization vs external field over a range of temperature below T
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FIG. 4. (a) Heat capacity of W3ALC from 1.9 to 10 K. Inset is
the C,/T ~ T? plot of the normal-state heat capacity from 4.5 to
10 K. The red line is a linear extrapolation to 7" = 0 K limit. (b) Elec-
tronic specific-heat contribution of W3Al,C plotted as C,;/yT. vs
T /T, obtained by subtracting a phonon contribution. Broken and
solid curves are the fitting of a power law and exponential fitting.

is presented in Fig. 3(c). The field deviates from a linear curve
of full Meissner effect was deemed as the lower critical field
at each temperature and was summarized in Fig. 3(d). A linear
fit gives uoH:1(0) = 100 Oe. By using formula

Lo 1 A 4
4 02 n(g) @

we get the penetration depth A < 320 nm. The calculated GL
parameter of k = A/& ~ 56 confirms the type-II supercon-
ductivity in W3AIL,C.

The characterization of the superconductivity transition by
heat-capacity measurement is shown in Fig. 4(a). The bulk
superconductivity is evidenced from a distinct anomaly at
7.5 K. We applied a magnetic field of uoH = 9T to suppress
the superconductivity to a lower temperature (4.5 K) and fitted
the normal-state heat capacity according to

C)(T)/T =y + BT ®)

in the inset of Fig. 4(a). The extrapolation gave y =
7.3mJ/molK? and B =0.62mJ/molK*. By using the

oH:1(0) =

R
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FIG. 5. (a) Band structures along the high-symmetric direction of
W3 AL C with and without SOC. (b) Total and atom-projected DOS
in states per electron of W3Al,C in the energy range +1 eV near the
Fermi level.

formula

1274
503
and N = 6 for W3Al,C, we got a Debye temperature of ®p =
266 K. Figure 4(b) shows the electronic specific heat by sub-
tracting the phonon contribution. Prominently, the specific-
heat jump of AC,,/yT. = 2.7 is much higher than that of
MosAl,C (2.1) and roughly doubled the BCS anticipated
value of 1.43, indicating a strong electron-phonon coupling.
The superconducting gap energy 2A(0) can be acquired
through

B=N R (6)

]/T2 T.
AU(0) = —Tc +/ C.(T)HdT, 7)
0
2
y = §n2kBN(0), ®)
AU(0) = %N(())AZ(O), )

where AU (0) is the condensation energy (E)s-(E), and and
N(0) is the density of state for one spin direction. The
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estimated 2A(0) is 5.43kgT. which is much larger that of
MosAl,C (4kpT.) and BCS (3.52kpT.), agreeing well with
the result of the specific-heat jump. Furthermore, we found
that the C,;/y T. ~ T /T. cannot be well fitted to a spin-singlet
fully gapped BCS model. As shown in Fig. 4(b), the heat
capacity diverges slower than the exponential fitting (black
broken curve) but matches quite well to a power-law behavior
(solid blue curve) with C,, ~ T33. While the exponential
behavior indicates thermal activation of electrons from the
isotropic superconducting gap, the power law in C,; generally
indicates the existence of gapless excitation and nodes in
the gap. As we know, parity-violating antisymmetric SOC
allows admixture of spin-singlet and spin-triplet components.
In contrast to triplet p-wave superconductivity like centrosym-
metric UTe, [39,40], the lack of inversion symmetry makes
it possible for the triplet component to exist in a spatially
fully symmetric paired state, namely, a triplet s-wave or d-
wave superconductor. Note that the distinction between 73
and exponential responses above 2 K may be influenced by
the energy-gap value and other parameters. It is not clear
whether the power-law behavior of C,, will persist below 2 K,
further experiments such as muon spin relaxation and heat
conductivity down to a lower temperature (T < 0.2 T;) are
needed to clarify its gap structure.

Band structures with and without SOC are shown in
Fig. 5(a). Because of the lack of an inversion center, the anti-
symmetric SOC effectively splits the degeneracy of electronic
bands, which may lead to a mixture of spin-singlet and -triplet
components in the superconducting condensate. In Fig. 5(b),
the Fermi surface is mainly dominated by the electrons of
W while the contribution of Al and C is almost negligible.
Thus, the small amount of deficiency of Al and C can be
viewed as a light shift of the Fermi level in the framework of
rigid band model and is not considered here. The Fermi level
located at a local minimum of N(Ep) = 2.37 states/eV /f.u.
(y = 5.59mJ/molK?). This is only half of that of Mo3Al,C
and in fair agreement with their Sommerfeld coefficients. All

@) No.109

TABLE II. A comparison between W3Al,C and Mos;AlL,C.

W3A12C MO3A12C
T. (K) 7.6 9 ~ 9.2
y (mJ/mol/K?) 7.3 18¢
B (mJ/mol/K*) 0.62 0.305°
Op(K) 266 315 ~ 338
N(EF)(state/eV /f.u.) 2.37 5.48
¥» (mJ /mol/K?) 5.59 12.9
AC/yT, 2.7 2~22°
uH,y (Oe) 100 47°
wH (T) >10 15 ~ 18.2%
wH, (T) 13.9 19
& (nm) <5.7 4.23b
A (nm) <320 380%
K 56 76 ~ 88.5°
u(dHz/dT)r, (T/K) -25 —2.4°
p (2 cm) 215 177°
Slope of py-T Negative Positive
Condensation energy (mJ/mol) 236 466°
2A¢ (kgT.) 543 4.03°

2From Ref. [20].
YFrom Ref. [24].

the physical parameters are summarized in Table II, together
with that of Mo3Al,C for comparison.

The antisymmetric SOC splits the Fermi surface into three
pairs. One pair of small hole pockets [Figs. 6(a) and 6(b)]
are nested inside of a larger pair of hole pockets [Figs. 6(c)
and 6(d)]. A third pair of electron Fermi surface is located
at the Brillouin center and isolated from their neighboring
hole pockets. A nesting vector of the Fermi surface along
g = (1, 1, 1) was reported in Mo3Al,C [21]. The degree
of this nesting should be much enhanced giving the stronger
SOC in W3Al,C. We also calculated the Fermi surface of
W3Al,C without SOC in Fig. 6(h). Different from Fig. 6(g),

(e) No.113 (9)

No.114

FIG. 6. (a), (b), (c), (d), and (e), (f) are three pairs of bands that cross the Fermi level. The electrons of each pair are split by the
antisymmetric SOC. Their respective band numbers are labeled. (g) The nesting of the bands from (a)—(f). (h) The Fermi surface topology of

W3 AL C without SOC is plotted for comparison.
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all the Fermi surfaces are confined within the first Brillouin
zone, the strong SOC of W in a noncentrosymmetric crystal
breaks the degeneracy of the electrons and lifts the No. 111
and No. 112 bands to touch the reciprocal boundary. Whether
the Fermi surface topology could be changed by tuning the
filling rate of Al/C is an interesting question and calls for
further investigations.

A spin-singlet to -triplet transition was previously achieved
in Li, (Pd;_,Pt,)3;B system by substitution of Pt with Pd which
leading to a stronger SOC. Whether a stronger SOC always
guarantees the spin-triplet superconductivity has, however,
not been substantiated [41-43]. Thus, more sets of isostruc-
tural superconductors are needed and their transition elements
should locate in the same group of the periodic table (like Pd
and Pt) to exclude other possibilities such as carrier doping.
Such examples are rare. CePt3Si shows an upper critical field
H,, exceeding the Pauli paramagnetic limiting field, which
is an indication of the possibility of spin-triplet pairing [1].
However, its Pd counterpart shows no superconductivity. Fur-
thermore, the existence of an antiferromagnetic order above
T, complicates the study of its spin configuration. Recently,
BaNiSn;-type CeRhSis [44] and CelrSi; [45] are reported
to superconduct under high-pressure measurement, where the
extreme condition in turn prohibits the determination of their
spin configurations. Considering the large SOC strength for
W;3ALC with (Zw/Zmo)* = 3.1 (Z is the atomic number),

the discovery of W3Al,C may serve as a touchstone for this
question.

IV. CONCLUSIONS

In summary, we report the discovery of a noncentrosym-
metric superconductor W3 Al,C with 7, = 7.6 K. Compare to
its isostructural MosAl,C, replacement of 4d-Mo to 5d-W
brings a significant difference toward resistivity, Sommerfeld
coefficient, band structure, and Fermi surface topology. The
strong electron-phonon coupling, large superconducting gap
energy, and power-law heat capacity above 2 K cannot be
explained in the framework of weak-coupling s-wave BCS
theory. Further studies of codoping (W;_,Mo,)3;Al,C should
be interesting due to the similarity to its chiral counterpart
Li,(Pd;_,Pd,);B. The above results provide a platform to
study the antisymmetric SOC and unconventional supercon-
ductivity.
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