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In the Supplementary Information, we present comprehensive details about experimental
data on characterization, electrical transport, magnetization, specific heat, muon spin relax-

ation /rotation, electronic properties, and Uemura plot for PtPbsBi.

STRUCTURAL CHARACTERIZATION

The Rietveld refinement of the powder XRD pattern using PtPbsBi crystallographic infor-
mation file (CIF) is performed with FullProf Suite software. It confirms the phase purity and
the tetragonal crystal structure under the space group P/ /mnm (No. 136, point group Dyy),
which is nonsymmorphic and centrosymmetric in nature. The lattice constants obtained from
the Rietveld refinement [a = b — 11.4505(1) A, ¢ = 4.0839(5) A, Vi — 535.463(4) A’] agree
well with the previously reported values [1, 2]. EDX analysis further confirms the nominal

composition Pty o3Pbs ¢sBi; o9 and homogeneity of the sample.

ELECTRICAL RESISTIVITY

The superconductivity in PtPbsBi is confirmed by the zero-drop in resistivity at the transition
temperature T, o775 0f 3.08(1) K (inset of Fig. 1(b)). The transition temperature width of
the zero-drop is 0.6 K, confirming the bulk superconductivity in the sample, supported by
magnetization and specific heat measurements, discussed in the following sections.

Temperature variation of AC electrical resistivity p(7') in the range of 1.9 K to 400 K
under zero applied magnetic field was performed in both zero-field cooling and warming modes,
and a clear bifurcation in the data is depicted in Figure 1(b). The difference in cooling and
warming data indicates a charge density wave transition at Topy = 280(1) K. The normal state
resistivity data indicate a metallic behavior below T pw. The value of the residual resistivity
ratio [RRR=p(400 K)/p(5 K)] is 1.19, indicating the presence of scattering and disorder in the
sample [3].

MAGNETIZATION

The magnetization versus temperature measurement confirms the bulk superconductivity in
PtPb3Bi compound. Magnetization was measured in the zero field-cooled warming (ZFCW)

and the field-cooled cooling (FCC) modes under an applied field of 1 mT. The superconducting
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FIG. S1. (a) The EDX spectra for PtPbsBi showing Pt, Pb and Bi elemental peaks. (b) The magnetic

field variation of Hall resistivity at 25 K.

transition temperature obtained from the magnetization measurements is 3.01(1) K. A strong
flux pinning can be observed from the separation of the FCC from the ZFCW curves, providing
evidence of type II superconductivity. The superconducting volume fraction of ~100% was
calculated by incorporating the demagnetization factor (N) correction (depending on the shape
of the sample and orientation with the applied magnetic field), as discussed in this section. The
type II superconducting nature was affirmed by the magnetic field-dependent magnetization loop
at 1.8 K, as illustrated in the inset of Figure 1(c), with irreversible magnetic field, H;., = 0.50(4)
T.

Moreover, magnetization was measured under a low magnetic field range at different temper-
atures below T (refer to the inset of Fig. 1(d)). The lower critical field, H, values extracted
at each temperature by the deviation of the curves from the Meissner line, give the lower
critical fields at different temperatures. The slope of the Meissner line was used to calculate
the demagnetization factor (N) using the relation 1/47(1 — N) = —M/H following ref. [4, 5].
Figure 1(d) describes the variation of Hf, with reduced temperature, which was fitted using

the Ginzburg-Landau (GL) equation as,

2, (T) = Hi, (0)[1— £, where £ = T% (1)
The intersection of the extrapolated fitting curve with the y-axis gives H,(0) = 1.16(1)
mT for PtPbsBi. The demagnetization corrected value of the lower critical field, Ho1(0) =
H{(0)/(1 — N) was found to be 2.09(4) mT. Similarly, the values of the upper critical field,
H¢o versus reduced temperature were also well fitted using the GL equation defined by Eq. 2
(refer to Fig. 1(e)). The values of Hoo(T) can be obtained from the temperature variation of
both magnetization and resistivity data. Resistivity (and magnetization) curves show a decrease

in T¢ when the magnetic field is raised, providing the Heo values at various temperatures (Fig.
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FIG. S2. (a) TF-uSR spin depolarization rate o versus temperature 7' at applied magnetic fields from
12.5 to 30 mT. The dashed isothermal line separates the superconducting state and the normal state.
The solid lines are a guide to the eye. (b) The unnoticeable changes in electronic relaxation rate A and

nuclear relaxation rate ozp with temperature within the error range.

1(e), inset).

1—¢ T
HCQ(T) = HCQ(O) m s where t = T_C (2)

The extrapolation of the Heo(T) versus T'/T¢ data gives an upper critical field Heo(0) value
of 1.43(1) T and 1.32(1) T from the resistivity and magnetization measurements, respectively.
He2(0) value shows enhancement from the value of 0.35 T for the PtPb, compound [6].

Annihilation of superconductivity under the influence of a magnetic field can occur through
two distinct mechanisms. (i) spin paramagnetic effect, a Cooper pair breaking caused by the
Zeeman effect known as the Pauli limiting field HE,(0) = 1.86 T¢ |7, 8]. (ii) orbital limiting
effect, caused by the increase in the kinetic energy of the supercurrent exceeding superconducting
gap energy, which can be evaluated by the Werthamer-Helfand-Hohenberg (WHH) theory for a
type-11 superconductor using Eq. 3 (9, 10].

dHeo(T)
dr ’

T=Tc

Hgy"(0) = —aTe (3)

where « is a constant called the purity factor, which has different values for dirty and clean
limit superconductors (0.69 and 0.73, respectively). The value of HE,(0) for T of 3.01(1) K
is 5.60(1) T, and HZY"(0) was found to be 0.92(1) T for the dirty limit case. The value of
Heo(0) is significantly lower than the Pauli paramagnetic limit of 5.60(1) T, signifying the role
of orbital effects in the pair breaking. The impact of orbital effects can be quantified using the
Maki parameter, a,, = /2 %, giving «, of 0.23(2) for the limiting field values of the
PtPb3Bi compound.

Characteristic length parameters, coherence length, {7 and penetration depth gy can be

calculated using the relations Heo(0) = % and Hey(0) = 47“\(220 © lnzgi((g)) + 0.12], where
L L

¢o (magnetic flux quantum) is a constant [11|. The values of {51, and Agy for the sample were
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TABLE S1. Superconducting and normal state parameters extracted from magnetization, resistivity,

specific heat, and uSR measurements for PtPb;Bi.

Parameters unit PtPbsBi
T K 3.01(1)
He(0) mT 2.09(4)
HE(0) T 1.43(1)
Tepw K 280(1)
el nm 15.8(1)
Aat? nm 534.5(5)
KGL - 33.8(4)
m - 0.23(2)
o mJmol K2 10.31(2)
o7 K 128(1)
% (sp. heat) - 2.03(1)
2O (1SR) - 2.27(4)
Ae—ph - 0.71(3)
D¢ (EFR) states/(eV f.u.) 4.37(2)
m*/me - 2.9(1)
n 1028 m—3 2.03(1)
VE 10° m/s 3.4(1)
&o nm 152.8(8)
le nm 0.27(5)
o em?V—lgT! 0.35(1)
Tc/Tr - 0.00028

calculated to be 15.8(1) nm and 534.5(5) nm, respectively.

The Ginzburg-Landau (GL) theory defined a parameter known as the GL parameter k¢,
to quantitatively distinguish between type-I and type-II superconductors. The value of kg =
% was estimated to be 33.8(4), which is much higher than 1/+/2, confirming that PtPbsBi is
a type-II superconductor. The thermodynamic critical field parameter H, can also be assessed
using He1(0) and Heo(0) [11]. Equation Hilnkgr, = Hei(0)Heo(0) gives Ho = 28.0(2) mT.
All superconducting characterization parameters estimated here are outlined in Table S1 for the

PtPbsBi compound.



SPECIFIC HEAT

Bulk superconductivity in the PtPbsBi polycrystal is confirmed by using the temperature
variation of specific heat C'(T') measurements. The significant jump in C(T)/T versus T? in
zero magnetic field manifests the superconducting transition temperature T = 2.96(4) K of
the sample (Fig. 1(f) inset). The C(T")/T data above T is fitted using the Debye-Sommerfeld
relation (Eq. 4). The first term 7, T represents the electronic contribution to the specific heat,
and the following terms (3372 and 57° denote the phononic and anharmonic contribution,
respectively. The inset of Figure 1(f) shows the fitting of the low-temperature data with Eq.
4 yielding the Sommerfeld coefficient 7, = 10.31(2) mJmol 'K~2, the Debye constant 35 —
4.64(5) mJmol 'K, and f5 = 0.15(7) mJmol 'K~

C = 7T + BsT? + B5T°. (4)

The evaluated value of the density of state at the Fermi level Do (Er) is 4.37(2) states eV 1fu. 7!

W2§QB> D¢ (Er), where kg ~ 1.38 x 10723 JK~'. Debye temperature p
can be related to the Debye constant (3 using the relation 0p = (%) g, and is calculated
to be 127(8) K. The number of atoms per formula unit N is 5 for PtPbzBi sample, and the

using the relation ~,, = (

universal gas constant R is taken as 8.314 Jmol 'K~!. The inverted McMillan’s equation [12]

can be used to calculate the electron-phonon coupling constant A\._,, given as

pn(0p/1.45T¢) + 1.04 ‘ (5)
(1= 0.621")In(0p /1.45T¢) — 1.04°

Aefph =

where p* is a repulsive-screened Coulomb pseudopotential parameter that is taken to be 0.13 for
intermetallic compounds. The value of A._,y, is 0.71(3) from the measured variables, indicating a
moderate strength of electron-phonon coupling, which sustains superconductivity in the presence
of a strong disordered quasi-1D material.

The variation of the normalized electronic specific heat with the reduced temperature was
measured to analyze the nature of the superconducting gap symmetry of the sample. Electronic-
specific heat C¢; can be estimated by subtracting phononic and anharmonic contributions from
the total specific heat C'. The jump in normalized specific heat ?AHLTECZ is 1.64(2), which is higher
than the weak coupling limit from the BCS theory (i.e., 1.43). Further, Figure 1(f) shows
the fitting of C¢/7,T versus reduced temperature T/To with the isotropic single-gap BCS
model given by Eq. 6 [13]. Models other than the s-wave model fail to properly describe the
low-temperature specific heat behavior of PtPbsBi. The equation relates the entropy Se; to the
temperature-dependent BCS energy gap A(t) = tanh[1.82{1.018(; — 1)}***]. The entropy S is
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FIG. S3. The Uemura plot, superconducting critical temperature versus Fermi temperature, dis-
tinguishes the unconventional superconductors from the conventional BCS superconductors based
on the ratio between T and Tr. The red square marker denotes PtPb3Bi, which is away from the

unconventional region.

related to C,; by Cy = tdjtel, where t = % is the reduced temperature.

Sel 6 ([ A(0) e
= l 1— f)n(l— f,)]d
S S (25 [t + 0= £~ gl ©)
)
where the Fermi function f,(§) = [1 + e’;EBgT]*1 is integrated with respect to the Fermi en-

ergy y = £/A(0). The normal electron energy with respect to the Fermi energy is given as
E(§)=+/&*+ A2(t). The best fit of the normalized specific heat data results in a supercon-
ducting energy gap %?C = 2.03(1) that is higher than the weakly coupled BCS gap value of

1.76. The values of AC/v,Tc and A(0)/kpTe exceeding the BCS values indicate moderately
coupled superconductivity in PtPbsBi.

TRANSVERSE-FIELD pSR

The TF pSR asymmetry spectra given in the main text were nicely fitted by the summation
of sinusoidally oscillating functions, where each function is damped with a Gaussian relaxation

component [14, 15]:
N
1
G(t) = Z A; exp <—§ai2t2) cos(y,Bit + ¢), (7)
i=1

where ¢, A;, and o; are the initial phase, initial asymmetry, and the Gaussian relaxation rate,
respectively. The value of the muon gyromagnetic ratio v,/27 is 135.5 MHz/T, and B; is the

ith component of the Gaussian field distribution. The asymmetry spectra for the sample were
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FIG. S4. Superconducting transition temperature and upper critical field of PtPb3Bi, compared to

some other quasi-1D superconductors [17-21].

best described by N = 2, representing two Gaussian components with fixed oo = 0 to explain
the non-depolarizing muon background stopped in the silver sample holder. Thus, Ay (and Bs)
account for the background asymmetry (and magnetic field), respectively.

The background nuclear dipolar contribution to the relaxation rate oy (considered to be
temperature-independent for the temperatures discussed) can be removed from the total Gaussian
relaxation rate g,y to obtain the flux line lattice component of the Gaussian relaxation rate o
using equation o = m . The deduced values of the superconducting contribution of
the Gaussian relaxation rate o (T) for different applied fields (12.5, 20, and 30 mT) are shown with
the error bars in Figure S2(a). The field-dependent o(H) at different temperatures is depicted
in Figure 4(b), which was extracted from the isothermal values of o(T) from Figure S2(a).
Brandt’s equation [16] described the field dependence of the penetration depth A in an isotropic
type II superconductor with kg > 5 by Eq. 8, where h = H/Hgo(T') is the reduced magnetic
field.

o(ps™") = 4.854 x 10%(1 — h)[1 + 1.21(1 — Vh)*]A~2. (8)

This relation was used to fit the isothermal datasets in Figure 4(b) and extract the corre-

sponding values of temperature-dependent A=2, which are presented in the main text, Figure 4(c).

ELECTRONIC PARAMETERS AND UEMURA PLOT

The normal state behavior of the charge carriers and the dependent electronic parameters
were determined by performing Hall measurements on PtPbsBi. The data for Hall resistivity
pzy Versus applied magnetic field is linearly fitted at 25 K, as shown in Figure S1(b). The slope
of fitting provides the value of the Hall coefficient Ry = 3.07(9) x 1078 QecmT™!. The sign

of Ry indicates holes as charge carriers with a concentration of n = 1/eRy = 2.03(1) x 10?8
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m 3. A superconductor can be designated to be in a clean or dirty limit based on the ratio of
BCS coherence length & = 0.18hvg/kgTe, and the mean free path I, = 372h3 /e pym* v [11].
To calculate these parameters, the value of Fermi wave vector kr = (372n)'/? = 8.4(3) nm™,
effective mass m* = 7, (hkr)?/7?nk% = 2.9(1)m, and Fermi velocity vy = h(37n)Y/3/m* =
3.4(1) x 10° ms™! was evaluated using the value of 7, and n from the specific heat and Hall
measurement, respectively. The large value of the ratio between the parameters &, = 152.8(8)
nm and [, = 0.27(5) nm indicates dirty limit superconductivity likely due to imperfections
and disorders. The value of the loffe-Regel parameter, kpl. = 2.32(2), which is slightly above
the Ioffe-Regel limit (~ 1), suggests a strongly disordered, diffusive metallic regime [22, 23|.
Carrier mobility p,, = 1/nep can be calculated from the p and n from the resistivity and Hall

measurements, respectively. The obtained value of j,, = 0.35(1) cm?V~!s™! is very low, placing

the system in the dirty limit with diffusive normal state transport |23, 24].

Uemura et al. formulated a way to distinguish unconventional superconductors from conven-
tional ones [25]. If the ratio of T and T is between 0.1 and 0.01, the superconductor is in the
unconventional region, which is shown in Figure S3 with a highlighted band comprising notable
unconventional superconductor families. The Fermi temperature T = (3h372n)%/3 /2m*kp was
calculated to be 10799(189) K [26]. The ratio of T and Tr for PtPbsBi was found to be
0.00028, which lies out of the unconventional band and is shown with a red square marker. Some

nonsymmorphic centrosymmetric compounds have been displayed for comparison purposes.
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