Superconducting gap symmetry of the noncentrosymmetric superconductor W3 Al2 C
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A detailed zero-field and transverse-field muon spin relaxation/rotation (µSR) experiemnts have
been carried out on the recently discovered non-centrosymmetric superconductor W3 Al2 C to speculate about its superconducting ground state. Bulk nature of superconductivity below 7.6 K is
confirmed through magnetization measurements. No change in the µSR spectra collected above and
below Tc is visible, ruling out the possibility of spontaneous magnetic field below Tc . This confirms that time-reversal symmetry is preserved for W3 Al2 C upon entering in the superconducting
ground state. Temperature dependent superfluid density [ρs (T )], which directly reflects the superconducting gap symmetry is obtained by the analysis of spectra obtained from the transverse-field
µSR experiments. Despite a non-centrosymmetric structure, W3 Al2 C adopts a fully gaped spinsinglet superconducting ground state with a zero temperature value of gap ∆0 = 1.158(8) meV with
gap-to-Tc ratio 2∆0 /kB Tc ≈3.54, classifying this material as a weakly-coupled superconductors.

I.

INTRODUCTION

In the quest of achieving superconductivity (SC) at
high temperature, there has been enormous research
on cuprates, Fe-based pnictide superconductors, heavy
fermion superconductors etc.1–3 These class of materials posses unconventional nature of SC which transcends
from the expectations of the standard BCS model. The
pairing of Cooper pairs in these superconductors is mediated by the charge/magnetic/valence fluctuations,4–7
rather than the phonons as for the case of BCS superconductors. An important role is played by the crystal
structure in deciding the pairing symmetry in unconventional superconductors. Most of the superconductors discovered so far posses a center of inversion in their crystal structure. The SC in these materials can be classified either as spin-singlet or spin-triplet type. No intermixing is permitted for such superconductors.8 However,
recent interests has been developed in a so-called noncentrosymmetric (NC) class of materials as they posses
various exotic properties including unconventional SC,
time reversal symmetry breaking (TRSB) in the superconducting state, topological protected surface states etc.
Due to the lack of inversion symmetry, they generate an
asymmetric spin-orbit coupling (ASOC) which lifts the
degeneracy of the conduction band electrons and hence
resulting in the splitting of Fermi surface, i.e., splitting
of spin-up and spin-down bands. As a result both interor intra- band Cooper pairs can be formed and hence admixture of spin-singlet and spin-triplet Cooper pairs are
permitted. The mix parity in case of NC superconductors
can host complex superconducting properties.
The research in the field of NC superconductors was
triggered after the discovery of unusual superconducting ground state namely line nodes in heavy fermion
compound CePt3 Si.9 Few other examples in this category are: CeIrSi3 ,10 Mo3 Al2 C,11,12 Li2 Pt3 B13,14 exhibits line nodes, whereas few others such as LaNiC2 ,15

(La,Y)2 C3 ,16 LaPt2 Si2 17 etc. show multiband SC. The effect of ASOC has been directly observed in well acclaimed
weakly correlated system Li2 (Pd,Pt)3 B. The parent compound Li2 Pd3 B is a conventional BCS superconductor18
which gradually transforms from spin singlet to spin
triplet SC by inclusion of Pt in place of Pd.13,14,19 The
reason is attributed to the increase in strength of ASOC
which is proportional to Z 4 . The few other superconductors with strong ASOC where non-trivial superconducting ground state has been observed are: La7 Ir3 ,20
Re-based superconductors Re6 X (X = Zr, Hf, Ti)21,22
etc. This implies that strength of ASOC plays an important role in deciding the superconducting gap symmetry. Very recently, NC Mo3 Al2 C superconductor (β
Mn-type structure, space group P 41 32) has gained a significant attention due to its similar geometrical configuration to well established unconventional superconductor Li2 (Pd,Pt)3 B. Strong signatures of the SC deviating from standard-BCS behavior has been speculated
via following observations: absence of Hebbel-Slichter
peak, a power law behavior of spin-lattice relaxation rate
measured through 27 Al NMR, electronic specific heat.11
Nodal type gap structure is suggested from the pressure
enhanced Tc .11 In contrast, the microscopic techniques
like µSR, Tunnel Diode Oscillator evidence a nodeless
state of the superconducting order parameter.12,23–25 It
was proposed that nodal behavior was not observed in
these techniques probably due to trace fraction of triplet
SC. It is natural to expect that inducing stromger ASOC
might increase the chances of unconventional SC with
triplet pairing.
To look for such a possibility, recently, Ying et al.
were able to successfully grow single phase superconductor W3 Al2 C with Tc ≈7.5 K, where Mo was replaced
by heavier element W to enhance ASOC.26 W3 Al2 C
is isostructural to Mo3 Al2 C. Indeed, the first principal
studies point towards the pronounced effect of ASOC
on band structure and Fermi surface topology. Addi-
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II.
A.

EXPERIMENTAL DETAILS

Sample preparation and characterization

The polycrystalline W3 Al2 C sample was synthesized
by the high-pressure method with the detailed description being reported in the Ref.26 The optimal mole ratio
of the elements W:Al:C = 3:1.8:0.8 were first ball milled
for two days in a glove box to ensure homogeneity of the
final product. The mixture was then pressed into pellets
and sealed inside h-BN capsule. The pellets were then
heated at 2173 K in an environment of high pressure of 5
GPa for 24 h, followed by a slow cooling down for one day.
The sample investigated in the present study with µSR
is from the same batch, which has been used previously
by Ying et al.26
To pre-characterize the superconducting properties of
W3 Al2 C, temperature-dependent magnetic susceptibility
M (T ) was measured in the field-cooled (FC) and zerofield-cooled (ZFC) mode in an applied field of 2 mT. The
magnetization experiments were performed using a commercial physical properties measuring system (PPMS,
QUANTUM design magnetometer). It can be seen from
Fig. 1, M (T ) data displays a sharp transition with
width ≈ 0.1 K with the onset of superconductivity at
Tc = 7.5 K. Bifurcation of FC and ZFC signal is an immanent feature of type-II superconductor with moderate
to strong pinning, where magnetic flux is pinned upon
cooling the system in an applied magnetic field.
Zero field (ZF) and transverse field (TF) muon spin
rotation/relaxation (µSR) experiments were carried out
on GPS (General Purpose Surface) spectrometer, situated at the πE1 beamline, at the Paul Scherrer Institute
(PSI), Villigen, Switzerland. The experiments were carried out in the temperature range 1.5 to 10 K in presence
of desired magnetic field for TF and in zero field for the
ZF configuration. For TF experiments, the sample was
first cooled down from a temperature well above Tc to
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tionally, electronic specific heat was fitted with a power
law expression, hinting towards a complex gap structure. However, the previous studies has been limited
down to 2 K. There is a clear need of comprehensive
microscopic techniques to explore the superconducting
gap symmetry of W3 Al2 C. This motivated us to conduct muon spin relaxation/rotation (µSR) measurements
to estimate temperature-dependent magnetic penetration depth [λ(T )], which in turn is proportional to the
superfluid density [λ(T ) ∝ n−2
s (T )] hence directly reflecting the superconducting gap symmetry.
This paper is organized in the following manner: Section II describes the sample-preparation and initial characterization procedure including the results of magnetization measurements, as well as the details about the
µSR experiments. Section III is dedicated to results and
discussion part involving TF and ZF µSR experiments.
The conclusions are reported in Section IV.
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FIG. 1: a) The temperature-dependent magnetization M (T )
of W3 Al2 C collected in an applied field of 2 mT with zerofield-cooled (ZFC) and field-cooled (FC) mode.

the base temperature in presence of a magnetic field and
then spectra were collected during warming up. To minimize the statistical error bars, typical counting statics
was kept at ≈107 positrons events for each data point.
The TF and ZF µSR spectra were analyzed with the help
of the free software MUSRFIT.27
III.

RESULTS AND DISCUSSION
A.

TF µSR experiments

To elucidate the nature of superconducting order
parameter, we have carried out transverse field (TF)
µSR experiments in the mixed superconducting state of
W3 Al2 C with various applied magnetic fields: 30, 100,
300, and 600 mT. The TF-µSR asymmetry spectra were
collected at several temperatures between 1.5 K to 10
K for GPS spectrometer. Fig. 2(a) displays two representative TF-µSR spectra in the normal state (10 K)
and in the superconducting state (1.6 K), collected in
a magnetic field of 100 mT. The TF-µSR signal in the
superconducting state shows much faster damping compared to normal state due to inhomogeneous magnetic
field distribution as a result of vortex lattice formation.
The small damping above Tc is due to the static nuclear
magnetic moments. The µSR spectra collected was fitted
to the following oscillatory decaying Gaussian function:
ATF (t) = ATF (0) exp(−σ tot 2 /2) cos(γµ B int t + φ). (1)
Here, ATF (0) is the initial asymmetry belonging to the
sample. γµ /2π = 135.5 MHz/T is the muon gyromagnetic ratio. B int is the local internal magnetic field
sensed by muons implanted in the sample, φ is the initial phase offset of the initital muon spin polarization
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FIG. 2: a) The TF-µSR time spectra of polycrystalline W3 Al2 C collected above Tc (10 K, green symbols) and below Tc (1.6 K,
orange symbols) in a magnetic field of 100 mT. Solid lines through the data represent fitting using Eq. 1. b) Internal magnetic
field as a function of temperature in an applied field of 100 mT.

The magnetic field and temperature evolution of
σ sc (T, B) has been obtained by fitting Eq. 1 to the experimentally observed asymmetry-time spectra. Firstly,
we have measured TF-spectra at base temperature 1.5
K in presence of various fields ranging from 0.01 T to
0.7 T. Fig. 3 represents the variation of muon depolarization rate as a function of field σsc (B) at 1.5 K.
The σsc (B) data was analyzed with the model presented
by Serventi et al.31 In the model proposed, the second
moment of magnetic field distribution within the fluxline-lattice (FLL) is calculated within the framework of
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with respect to positron detector. σ total is the muon
depolarization rate, which is comprised of the following
two terms: σ total 2 = σ sc 2 +σ nm 2 . Solid lines in the Fig.
2 (a) correspond to the fitting of observed spectra using Eq. 1. σ sc and σ nm are the muon depolarization
rates associated with the flux-line lattice and the nuclear
magnetic moments, respectively. σ nm is expected to be
intact in the entire temperature range and can be estimated by analyzing one of the spectra above Tc . Thus,
we can extract σ sc by quadratically subtracting σ nm from
σ total . The muon depolarization rate σ sc is related to the
penetration depth and hence to the superfluid density
(σ sc ∝ λ−2 ∝ ns ). Thus, the superconducting gap symmetry can be deduced from the temperature dependence
of σ sc (T ). Fig. 2(b) shows the temperature dependence
of internal magnetic field sensed by the muon in presence
of 100 mT magnetic field. The flux expulsion is clearly
visible from the reduced value of internal magnetic field
in the superconducting state.
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FIG. 3: The field dependence of muon depolarization rate
σ(B) analyzed with modified London model , Eq. 2, which has
been adapted for single-gap s-wave superconductor. Various
analyses were carried out by fixing upper critical field µ0 Hc2
to 15.4, 50, 60, 80, and 100 T. Refer to the text for detailed
description.

modified London model with following expression:
 2 2
X  e−q2 ξ2 /2(1−b) 2
σ sc
2
2
=B
.
∆B =
γµ
1 + q 2 λ2 /(1 − b)

(2)

q6=0

Here, b = B/Bc2 is the reduced magnetic field, with Bc2
as the upper critical field, ξ is the coherence length, and λ
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FIG. 4: The temperature evolution of Gaussian depolarization rate σsc (T ) (symbols) a) for all four measured fields and b)
combined for all fields with fits using a single gap s-wave model (solid black lines), a d-wave model (orange dotted line), and a
dirty d-wave model approximated through a power law expression [1-(T /Tc )2 ]. See text for details.

is the penetration depth. B is the mean field
√ FLL.
√ within
The reciprocal lattice vector q = 4π/ a(m 3/2, n +
m/2), adapted for hexagonal flux line lattice, with a being the intervortex distance, m and n are the integer
numbers. The applied magnetic field Bapp  Bc2 (predicted value of Bc2 = 15.4 T from previous study),26
hence it is difficult to speculate about the exact value of
upper critical field from σ(B) data. Moreover, we carried
out the analysis of experimental σ(B) data using Eq. 2
with five different values of the upper critical field: 15.4,
50, 60, 80, and 100 T. It can be seen from Fig. 3, σ(B)
data has very poor consistency with Bc2 = 15.4 T. The
consistency becomes better as we go to higher Bc2 values.
The theoretical curve with Bc2 = 50 T does not describe
the data. However, as soon we approaches 60 T, consistency becomes better, with improving further for 80
and 100 T. Although, we can not determine the absolute value of Bc2 , but at least a lower limit on the upper
critical field value, i.e., 50 T < Bc2 can be described.
The temperature dependent σ sc (T ) for four different
applied fields is shown in Fig. 4(a). Fig. 4 (b) shows
the normalized muon depolarization rate σ sc (T )/σ sc (0)
as a function of temperature combined for the three fields
100, 300, and 600 mT, which are lying above the maximum in σ(B). It can be seen that σ sc (T ) [Fig. 4(b)]
tends to saturate below ' Tc /3. This rule out already
the possibility of nodes in the superconducting energy
gaps at the Fermi surface. However, to further speculate about the pairing symmetry quantitatively, we have
employed different superconducting gap models to analyze the muon depolarization rate σ sc (T ). σ sc can be
calculated from the superconducting gap ∆(T, φ) using

standard local London approximation (λ  ξ)28 :
Z
Z
λ−2
σ sc (T )
1 2π ∞
∂f
EdEdφ
L (T )
p
= −2
= 1+
,
2
σ sc (0)
π
∂E
λL (0)
E − ∆(T, φ)2
0
∆(T,φ)
(3)
with f = [1 + exp(E/kB T )]−1 being the Fermi distribution function and φ is the azimuthal angle along
the Fermi surface. ∆(T, φ) = ∆(T )gφ , where ∆(T ) is
the temperature dependence and gφ is the angle dependence of gap function, with latter has a value gφ
= 1 for s-wave, and cos2φ for d-wave pairing symmetry. The temperature dependence of the gap function
∆(T ) is approximated in the standard way: ∆(T ) =
∆0 tanh{1.821[1.018(Tc /T −1)0.51 ]},29 with ∆0 being the
gap value at 0 K. Three different gap models namely swave without nodes, d-wave with line nodes, and a dirty
d-wave model were considered for the analysis. Power law
expression 1−(T /Tc )2 was tested, which has been proven
theoretically to best describe the case of a dirty d-wave
superconductor.30 Fig. 4(b) represents the temperaturedependent normalized muon depolarization rate fitted
with the aforementioned gap models. It can be seen that
momentum independent s-wave model is most compatible with the experimental data. A poor agreement can
be seen between the experimental data and d-wave models at low temperature, which rules out the plausibility of
line nodes in the gap around the Fermi surface. The best
described parameter values for s-wave model are: ∆0 =
1.158(8) meV and Tc = 7.58(2) K. The superconducting
transition temperature Tc is similar to that obtained from
the magnetization measurement. The superconducting
gap to Tc ratio 2∆0 /kB Tc = 3.54, which is pretty close
to the the universal BCS value 3.53, keeping this material
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in the list of weakly coupled superconductor. It should
also be noted that previous specific heat analysis suggests
the gap-to-Tc ratio 5.43, much higher than obtained in
this study. The possible reason of the difference in the
two vlaues could be as the calculated density of states
were used to estimate gap-to-Tc ratio by Ying et al.,26
which might lead to slight error in the value.
B.

symmetry breaking in the superconducting state can be
detected.
In order to search for possible magnetic field (static
or fluctuating) in the superconducting state of W3 Al2 C,
we collected various ZF-spectra in the temperature range
from 1.6 K to 10 K. For representative manner, we have
shown in Fig. 5(a), the ZF µSR spectra collected well
below (1.6 K) and well above Tc (10 K). The time dependent asymmetry [A(t)] collected above and below Tc does
not show distinct difference. No additional relaxation
of the µSR signal in the superconducting state implies
the absence of spontaneous internal field upon entering
in the superconducting state. In fact, this observation
suggests that time reversal symmetry is preserved despite of the non-centrosymmetric structure and stronger
ASOC of W3 Al2 C. The observed asymmetry-time spectra is well described by a damped static Gaussian KuboToyabe function:

ZF µSR experiments
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where GKT is the Gaussian Kubo-Toyabe function,32 accounting for the the muon depolarization rate associated
with the static randomly oriented local field due to nuclear magnetic moments. As and Abg are the initial
asymmetries associated to the sample and background,
respectively. Λ represents the electronic spin relaxation
rate, which is additionally introduced in order to to account for any possible distribution of fields due to electronic spins. Gaussian Kubo Toyabe function GKT has
following functional form:
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FIG. 5: a) The representative ZF asymmetry-time spectra of
polycrystalline W3 Al2 C measured at 1.6 K (orange symbol,
well below Tc ) and 10 K (green symbol, well above Tc ). b)
Temperature variation of electronic relaxation rate Λ(T ) obtained by fitting Eq. (4) to the corresponding datasets. The
relaxation rate did not show distinguishable changes (within
the error bars) across the superconducting transition Tc = 7.6
K. The horizontal dashed line indicates the absence of change
in the relaxation rate at Tc .

Muon spin rotation/relaxation (µSR) is a very sensitive technique which can probe extremely small magnetic
field of the order of 10−4 T. Consequently, in absence of
any external applied field, even a tiny amount of spontaneous magnetic field which may arise due to time reversal

where σ ZF is the width of the nuclear dipolar field (the
local field distribution < Bµ > = σ/γµ , where muon gyromagnetic ratio γµ = 135.53 MHz/T) experienced by the
muon-spin ensemble. The Gaussian depolarization rate
σ ZF was fixed to a value 0.1893 µs−1 , estimated from
fitting a spectra well above Tc . Fig. 5(b) displays the
temperature-dependent electronic relaxation rate Λ(T ).
Within the experimental accuracy, no visible change in
the relaxation was observed across Tc , excluding the plausibility of spontaneous internal magnetic fields which
might break TRS in the superconducting state in this
system. Therefore, we can safely conclude that time reversal symmetry is preserved in the NC W3 Al2 C upon
entering in the superconducting ground state. Beside
W3 Al2 C, there are few other examples of NC superconductors which did not show TRS breaking in the superconducting state e.g. LaPt2 Si2 ,17 BaPt3 Si,33 LaPt3 Si,34
and many others. Thus, we can argue that TRS breaking
is not an immanent feature of NC superconductors.
IV.

CONCLUSION

The
superconducting
properties
of
noncentrosymmetric superconductor W3 Al2 C has been
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examined by means of magnetization, zero field and
transverse field µSR experiments. A sharp superconducting transition with transition width 0.1 K is seen
at 7.5 K in the temperature dependent magnetization
measurement. The ZF µSR spectra show no additional
contribution in the relaxation rate below Tc , excluding
the possibility of time-reversal symmetry breaking in the
superconducting state. The Gaussian muon depolarization rate σsc (T ) obtained after the analysis of TF spectra
could be reconstructed well with a single gap s-wave
model. The field dependence of muon depolarization
rate σ(B) is analyzed using modified London model for
single gap s-wave symmetry.
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