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We report a comprehensive study of the noncentrosymmetric superconductor MosP. Its bulk superconductiv-
ity, with T, = 5.5 K, was characterized via electrical-resistivity, magnetization, and heat-capacity measurements,
while its microscopic electronic properties were investigated by means of muon-spin rotation/relaxation (1 SR)
and nuclear magnetic resonance (NMR) techniques. In the normal state, NMR relaxation data indicate an almost
ideal metallic behavior, confirmed by band-structure calculations, which suggest a relatively high electron
density of states, dominated by the Mo 4d orbitals. The low-temperature superfluid density, determined via
transverse-field uSR and electronic specific heat, suggest a fully gapped superconducting state in MosP,
with zero-temperature gap Ay = 0.83 meV, the same as the BCS gap value in the weak-coupling case, and
a zero-temperature magnetic penetration depth Ao = 126 nm. The absence of spontaneous magnetic fields
below the onset of superconductivity, as determined from zero-field ©SR measurements, indicates a preserved

time-reversal symmetry in the superconducting state of Mo;P and, hence, spin-singlet pairing.

DOI: 10.1103/PhysRevB.99.184513

I. INTRODUCTION

Noncentrosymmetric superconductors (NCSCs) belong to
a class of materials that miss a key symmetry, such as par-
ity [1]. In NCSCs the lack of inversion symmetry of the crystal
lattice often induces an antisymmetric spin-orbit coupling
(ASOC), which lifts the degeneracy of the conduction-band
electrons and splits the Fermi surface. Consequently, both
intra- and interband Cooper pairs can be formed. The admix-
ture of spin-singlet and spin-triplet pairing in NCSCs is deter-
mined by the strength of the ASOC and by other microscopic
parameters [1,2]. Cooper pairs with a spin-triplet pairing have
a nonzero spin, which implies a weak magnetic moment in
the superconducting state and a breaking of the time-reversal
symmetry (TRS). This is the case of, e.g., Sr,RuO4 and UPt3,
known to exhibit triplet superconductivity [3—-6], and where
the TRS breaking in the SC state has been confirmed by mea-
surements of both zero-field muon-spin relaxation/rotation
(uSR) and the polar Kerr effect [7-10].

Some NCSCs are known to show a broken TRS upon the
onset of superconductivity. Examples include LaNiC, [11],
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LasIr; [12], and some Re-based binary alloys ReT (T =
transition metal, e.g., Ti, Zr, Nb, Hf) [13-16]. In the weak-
SOC limit, TRS breaking can be achieved via nonunitary
triplet pairing, such as in noncentrosymmetric LaNiC, [11,17]
and centrosymmetric LaNiGa, [18,19]. In the case of ReT
alloys, where a strong SOC is present, the T; point group
has several irreducible representations with dimension larger
than 1. Therefore, they can support TRS breaking with sin-
glet, triplet, or admixed pairings. For ReT, there are a num-
ber of possible TRS-breaking states [16]; however, all such
states have symmetry-constrained point or line nodes in the
gap, inconsistent with the experimentally observed nodeless
gap [13-16]. To explain a fully gapped superconducting state
exhibiting broken TRS, a model employing loop Josephson
currents (LJCs) was recently proposed [20]. This model is
based on an on-site, intraorbital, singlet-pairing SC state,
where a phase shift among the on-site singlet pairs gives rise
to the LJCs within a unit cell. Such currents can produce weak
internal magnetic fields, which break the TRS and can, in
principle, be detected experimentally.

Despite numerous examples of NCSCs, to date only a few
of them are known to break TRS in their superconducting
state. The causes of such a selective TRS breaking remain
largely unknown. Consequently, comprehensive studies of
other NCSCs, such as MosP reported here, may help to
identify the origin of this behavior. Superconductivity in
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MosP was first reported in 1954 [21] and confirmed ten years
later [22]. In that same year, also the MosP crystal structure
was determined [23]. To our knowledge, none of these early
works had a follow-up regarding the characterization of the
superconducting properties of MosP.

In this paper, we report on an extensive study of the Mos;P
physical properties, in both the normal and superconduct-
ing state, by means of electrical-resistivity, magnetization,
thermodynamic, muon-spin relaxation (uSR), and nuclear
magnetic resonance (NMR) methods. In addition, we also
present theoretical density functional theory (DFT) band-
structure calculations. Despite a noncentrosymmetric crys-
tal structure, MosP is shown to be a moderately correlated
electron material, which adopts a fully gapped, spin-singlet
superconducting state with preserved TRS.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Mo3P were prepared via solid-
state reaction, where high-purity (99.999%) Mo powders and
P pieces were mixed in a stoichiometric ratio and made to
react at 1100°C for 48 hours. The resulting powders were thor-
oughly grounded and pressed into pellets and then sintered
at 1100°C for over 48 hours. The final product had a silvery
color, indicative of good metallicity. Room-temperature x-ray
powder diffraction (XRD) measurements were performed by
using a Bruker D8 diffractometer with Cu Ko radiation. The
magnetic-susceptibility, electrical resistivity, and specific-heat
measurements were performed on a 7 T Quantum Design
magnetic property measurement system (MPMS-7) and a 14 T
physical property measurement system (PPMS-14) equipped
with a dilution refrigerator (DR). The wSR measurements
were carried out at the GPS and HAL-9500 spectrometers
of the Swiss muon source at Paul Scherrer Institut, Villigen,
Switzerland [24]. For the low-temperature HAL measure-
ments, the samples were mounted on a silver plate using
diluted GE varnish. The ©SR data were analyzed by means
of the MUSRFIT software package [25].

The 3'P NMR measurements, including line shapes and
spin-lattice relaxation times, were performed on MosP pow-
der in two external magnetic fields, 0.503 and 7.067 T. This
allowed us to compare the NMR parameters in the supercon-
ducting and the normal state, respectively. The NMR signals
were monitored by means of standard spin-echo sequences,
consisting of /2 and m pulses of 2.7 and 5.4 us, with
recycling delays ranging from 0.25 to 20 s, in a temperature
range 1.95 to 295 K. The line shapes were obtained via
fast Fourier transform (FFT) of the echo signal. Spin-lattice
relaxation times 77 were measured via the inversion recovery
method, using a -7 /2-7 pulse sequence.

The electronic structure of MosP was calculated by using
the full-potential linearized augmented plane-wave (LAPW)
method, as implemented in the WIEN2k package [26]. In par-
ticular, we employed the generalized gradient approximation
(GGA) [27]. The Brillouin zone integration was performed
on a regular mesh of 10 x 10 x 10 points. Muffin-tin radii
(rme) of 2.41 and 2.06 rgon Were chosen for Mo and P atoms,
respectively. The largest plane-wave vector was defined by
Fmtkmax = 8. The SOC was treated by using a second-order
variational procedure [26].
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FIG. 1. Room-temperature x-ray powder diffraction pattern and
Rietveld refinement for Mo;P. The open red circles and the solid
black line represent the experimental pattern and the Rietveld-
refinement profile, respectively. The blue line at the bottom shows
the residuals, i.e., the difference between calculated and experimental
data. The vertical bars mark the calculated Bragg-peak positions
for MosP (green), MoO, (blue), and MosP, (purple). The crystal
structure (unit cell) is shown in the inset.

III. RESULTS AND DISCUSSION

A. Crystal structure

The crystal structure and the purity of MosP polycrys-
talline samples were checked via XRD at room temperature.
Figure 1 shows a representative XRD pattern, analyzed by
means of the FullProf Rietveld-analysis suite [28]. As pre-
viously reported [23], we confirm that MosP crystallizes in
the tetragonal noncentrosymmetric @-V3;S-type structure with
space group /42m (No. 121). The refined lattice parameters,
a=>b=9.79094(2) A and ¢ = 4.826099(13) A, are consis-
tent with the reported values, but here established with a
substantially improved accuracy. According to the refine-
ments in Fig. 1, tiny amounts of MosP3 (3.46%) and MoO,
(4.28%) phases were also identified. The refined MosP crystal
structure, shown in the inset, comprises three different Mo
sites and a single P site in the unit cell. Table I summarizes
the atomic positions and the lattice parameters.

B. Electrical resistivity

The temperature-dependent electrical resistivity p(T) of
MosP was measured from room temperature down to 2 K. As
shown in Fig. 2, the resistivity data reveal a metallic behavior
down to the superconducting transition at 7. No anomalies
associated with structural, magnetic, or charge-density-wave
transitions could be detected. The electrical resistivity in the
low-temperature region is shown in the inset, where the super-
conducting transition (with 72" = 5.7 K and 7™ = 5.5 K)
is clearly seen. The p(T') curve below 300 K can be described
by the Bloch-Griineisen-Mott (BGM) formula [29,30]:

(T) = +4A(l>5/®§L— T3
PUERTENey) b emna=en T
M
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TABLE I. Refined MosP crystal-lattice parameters and atomic
coordinates, as determined at room temperature. Z represents the
number of formula units in the unit cell.

Parameter Value
Structure tetragonal, a-V3S type
Space group I42m (No. 121)
Z 8
a(A) 9.79094(2)
c(A) 4.826099(13)
Veen (A%) 462.6419(19)
R, 2.65%
Ryp 3.70%
Rexp 1.14%
x> 10.5

Atomic Coordinates
Atom  Wyckoff  Occ. X y z
P 8f 0.5 0.2924(3) 0 0
Mo, 8g 0.5 0.35541(9) 0 0.5
Mo, 8i 0.5 0.09289(7) 0.09289(7) 0.2657(3)
Mo 8i 0.5 0.29871(7) 0.29871(7) 0.2649(3)

Here the first term pg is the residual resistivity due to the
scattering of conduction electrons on the static defects of the
crystal lattice, while the second term describes the electron-
phonon scattering, with ®F being the characteristic (Debye)
temperature and A a coupling constant. The third term repre-
sents a contribution due to s-d interband scattering, @ being
the Mott coefficient [31,32]. The fit in Fig. 2 (gray line)
results in pg = 5.92(5) u2 cm, A = 300(7) u2 cm, @E =
2513)K, and o =3.4(1) x 107 Q2 cm K3, The fairly
large residual resistivity ratio (RRR), i.e., p(300 K)/pg ~ 45,
and the sharp superconducting transition (A7 = 0.2 K) both
indicate a good sample quality.

0 50 100 150 200 250 300
T (K)

FIG. 2. Temperature dependence of the Mo;P electrical resis-
tivity. The solid gray line through the data is a fit to Eq. (1). The
inset shows the enlarged low-temperature data region, highlighting
the superconducting transition.
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FIG. 3. Temperature dependence of the Mo;P magnetic suscep-
tibility x, (= x), measured using ZFC and FC protocols. Data were
collected in a 1 mT applied field in a 1.8—-12 K temperature range.

C. Magnetic susceptibility

The superconductivity of MosP was also probed by mag-
netic susceptibility measurements. The temperature depen-
dence of the magnetic susceptibility x (7)) was determined
using both field-cooled (FC) and zero-field-cooled (ZFC)
protocols in an applied field of 1 mT. As shown in Fig. 3,
x(T) data show a superconducting transition at 7, = 5.5 K,
consistent with the values determined from electrical resis-
tivity (Fig. 2) and heat capacity (see below). The splitting of
the FC and ZFC susceptibilities is a typical feature of type-
IT superconductors with moderate to strong pinning, where
the magnetic-field flux is pinned upon cooling the material
in an applied field. Below T;, a ZFC-susceptibility value of
Xv ~ —1 (after accounting for demagnetization factor, powder
compactness, etc.) indicates bulk superconductivity.

D. Lower and upper critical fields

To determine the lower critical field woH.; of MosP, its
field-dependent magnetization M (H ) was measured at various
temperatures up to 7., as shown in Fig. 4(a). The M(H)
curves, recorded using a ZFC-protocol, show the typical re-
sponse of a type-II superconductor. The estimated uoH,; val-
ues at different temperatures, determined from the deviation
of M (H) from linearity, are plotted in Fig. 4(b). The solid line
is a fit to uoH.(T) = poHe1(0)[1 — (T/T.)*]. This provides
a lower critical field poH,.;(0) = 29.4(2) mT, consistent with
24.9(5) mT, the value calculated from the magnetic penetra-
tion depth 1 (see below).

To investigate the behavior of the upper critical field poH,»,
we measured the temperature-dependent electrical resistivity
o(T) and specific heat C(T")/T at various applied magnetic
fields, as well as the field-dependent magnetization M (H)
at various temperatures up to 7. As shown in Figs. 5(a)
and 5(b), the superconducting transition, determined from
p(T) and specific-heat C(T')/T data, shifts towards lower
temperature upon increasing the magnetic field. In zero mag-
netic field, 7. = 5.5 K determined from C(T)/T is consis-
tent with the 7. values determined from o(7T) (Fig. 2) and
x(T) (Fig. 3) data. In the latter case, as shown in Fig. 5(c),
the diamagnetic signal disappears once the applied magnetic
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FIG. 4. (a) Field-dependent magnetization M(H) recorded at
various temperatures up to 7,. For each temperature, the lower criti-
cal field uoH,.; was determined as the value at which M (H') deviates
from linearity (dashed line). (b) Estimated lower critical field poH,;
as a function of temperature, with the solid line representing a fit to
1oHe1 (T) = poHa (0)[1 — (T/T.)*).

field exceeds the upper critical field. Figure 5(d) summarizes
the upper critical fields vs the superconducting transition
temperatures 7T, as derived from po(T, H), C(T,H)/T, and
M(H, T) data, respectively. The temperature dependence of
woH (T) was analyzed by means of the semiempirical model
10H(T) = poHe2(0)(1 = 12)/(1 4-7%), where 1 =T /T, is
the normalized temperature (see, e.g., [33]). This model fol-
lows from the Ginzburg-Landau (GL) relation between H,,
and the coherence length £ (see below), by assuming &(f)
V(1 +12)/(1 — £?). Although the GL theory is strictly valid
near T, the above form of H,(T) has been shown to be
satisfied in a wider temperature range. The solid lines in
Fig. 5(d) are fits to the GL model, which gives ,uOHC%L(O) =
0.94(1) T and 1.09 T for specific-heat and magnetization data
and for electrical-resistivity data, respectively. For a compar-
ison, we estimated the upper critical field also by means of
the Werthamer-Helfand-Hohenberg (WHH) model [34]. The
dashed-lines in Fig. 5(d) are fits to a WHH model without
spin-orbit scattering and give woHY"H(0) =0.76(1) T and
0.83(1) T for specific-heat and magnetization data and for
electrical-resistivity data, respectively.

At low fields, both GL and WHH models describe the
experimental data very well. At higher applied fields, how-
ever, the WHH-type fits deviate significantly from the data,
clearly providing underestimated critical-field values. The
remarkable agreement of the less elaborate GL model with ex-
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FIG. 5. Temperature-dependent electrical resistivity o(7, H)
(a) and specific heat C/T (T, H) (b) for different applied magnetic
fields, up to 1.4 T. In the first case, T, was defined as the onset of zero
resistance. (c) Field-dependent magnetization M (H, T ) measured at
various temperatures and in applied magnetic fields up to 1.0 T.
From p(T,H), C(T,H)/T, and M(H, T') one can derive the upper
critical field poH,, as shown in (d). The solid lines represent fits to
an effective GL model, whereas the dash-dotted lines are fits based
on a WHH model without spin-orbit scattering.

perimental data is clearly seen in Fig. 5(d). We note that while
the specific-heat, magnetization, and electrical-resistivity data
sets agree well at low fields (<0.25 T), at higher fields, the
transition temperatures determined from p(7, H) are sys-
tematically higher than those derived from C(7T', H)/T and
M(H,T) data. A similar behavior has also been found in
other NCSCs, e.g., LaPtSi, BiPd, or LaT Si3 (T = Pd, Pt, and
Ir) [35-39], as well as in standard superconductors. Generally,
the surface/filamentary superconductivity above bulk T, or a
strong anisotropy of the upper critical field, is proposed as the
cause of the differing 7, values. In order to clarify this issue,
studies of single-crystal specimens are highly desirable.

In the GL theory of superconductivity, the coherence length
& can be calculated from & = /®y/27 H,, where &y =
2.07 x 1073 T um? is the quantum of magnetic flux. With a
bulk woH.,(0) = 0.94(1) T, the calculated £(0) is 18.7(1) nm.
The magnetic penetration depth A is related to the coherence
length & and the lower critical field poH, via poH: =
(®o/4mA?)[In(k) + 0.5], where k = A/& is the GL parame-
ter [40]. By using poH.; = 29.4 mT and & = 18.7 nm, the
resulting magnetic penetration depth Agp = 113(1) nm is
consistent with 126(1) (zero-field extrapolation) and 121(2)
nm (50 mT), the experimental values from TF-uSR data (see
Sec. IITF and Table II). A GL parameter x ~ 7, almost ten
times larger than the 1/+/2 threshold value, clearly confirms
that MosP is a type-II superconductor.

E. Zero-field specific heat

Specific-heat data offer valuable insight into the supercon-
ducting properties, including the gap value and its symmetry.

184513-4
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TABLE II. Normal- and superconducting-state properties
of MosP, as determined from electrical-resistivity, magnetic-
susceptibility, specific-heat, NMR, and SR measurements. The
London penetration depth A;, effective mass m*, bare band-structure
effective mass my, 4, carrier density n;, BCS coherence length &,
electronic mean-free path /,, Fermi velocity vg, and effective Fermi
temperature 7r were estimated following Eqgs. (40)—(50) in Ref. [65].

Property Unit Value
T, K 5.52)
00 12 cm 5.92(5)
eRr K 251(2)
WoH, mT 29.4(2)
poH!S® mT 24.9(5)
woHY, T 1.09(1)
poHS T 0.94(1)
poH% R T 0.96(3)
£(0) nm 18.7(1)
Vo mJ/(mol K?) 10.3(4)
S K 225(3)
Aep 0.72(1)
N(er) states/(eV f.u.) 2.2(1)
Noand (€F) states/(eV f.u.) 1.28(1)
N (eg)PFT states/(eV f.u.) 1.56
Exsoc meV 90
ALSR meV 0.83(1)
A§ meV 0.82(1)
AC/y,T. 1.44(1)
Ao? nm 126(1)
Ao nm 121(2)
AoL nm 113(1)
AL nm 63(1)
m* m, 5.4(2)
Mpand n, 3.1 (2)
T 10 m™3 3.86(3)
& nm 56 (1)
1, nm 18.8(2)
Vg 10° ms™! 2.22(7)
T 10* K 1.78(6)

2Similar values were determined via electrical resistivity, magnetic
susceptibility, and heat-capacity measurements.
"Derived from a fit to Eq. (8).

Therefore, the MosP specific heat was measured down to
0.1 K'in zero field. As shown in Fig. 6, there is a clear specific-
heat jump at T, indicating a bulk superconducting transition.
The electronic specific heat C. /T was obtained by subtracting
the phonon contribution from the experimental data. As shown
in the inset of Fig. 6, the normal-state specific heat of Mo3P is
fitted to C/T = y, + BT?, where y, is the electronic specific
heat coefficient and ST is the phonon contribution to the spe-
cific heat. The derived values are y, = 10.3(4) mJ/(mol K?)
and B = 0.67(3) mJ/(mol K*). The Debye temperature O
can be calculated by using ®F = (127*Rn/58)'/3, where
R = 8.314 J/(mol K) is the molar gas constant and n = 4 is
the number of atoms per formula unit. The resulting F =
225(3) K (extracted from low-T data) is consistent with the
value derived from electrical-resistivity data (see Fig. 2). The
density of states (DOS) at the Fermi level N(eg) was eval-
uated from the expression N(ep) = 3yn/(2n2k3) = 2.2(1)

N
o
T

N
o
-
CIT (mJ/mol-K 2)

PN
(6]
T

FIG. 6. Normalized electronic specific heat C./y,T for MosP
versus T'/T.. Inset: The measured specific heat C/T as a function of
T2. The dashed line in the inset is a fit to C/T = y + BT?, while the
solid line in the main panel is the electronic specific heat calculated
by considering a fully gapped s-wave model.

states/(eV f.u.) (accounting for spin degeneracy) [41], where
kg is the Boltzmann constant. The electron-phonon coupling
constant A.p, a measure of the attractive interaction between
electrons due to phonons, was estimated from the @g and T,
values by applying the semiempirical McMillan formula [42]:

B 1.04 4+ u* In(Op/1.45T,)
P (1 -0.62 u*)n(Op/1.45T,) — 1.04°

The Coulomb pseudopotential p*, usually lying in the
0.09-0.18 range, was here fixed to 0.13, a commonly used
value for transition metals. From Eq. (2) we obtain A¢, =
0.72(1) for MosP, almost twice the reported value for the
elemental Mo (0.41) [43,44]. Finally, the band-structure den-
sity of states Npand(€p) can be estimated from the relation
Noand(€r) = N(GF)/(l + )Lep) [41], which gives Noand (€F) =
1.28(1) states/(eV f.u.).

The electronic specific heat divided by the electronic spe-
cific heat coefficient, i.e., C./yyT, is shown in the main
panel of Fig. 6 as a function of the reduced temperature.
The temperature-independent behavior of C./y,T at low
T suggests a fully gapped superconducting state in MosP.
The temperature-dependent superconducting-phase contribu-
tion to the entropy was calculated by means of [45]

@)

6¥n
7T2kB

where f = (1 4 €/%7)~! is the Fermi function, A is the
SC gap value at 0 K, and E(e) = /€2 + A%(T) is the ex-
citation energy of quasiparticles, with € the electron en-
ergies measured relative to the chemical potential (Fermi
energy) [45,46]. A(T) is the same as in Sec. IIIF. The
temperature-dependent electronic specific heat in the super-
conducting state can be calculated from C, = T%. The solid
line in Fig. 6 represents a fit with a fully gapped s-wave
model. The resulting superconducting gap Ag = 0.82(1) meV
is consistent with the uSR results (see Fig. 9). The MosP
gap value Ay, as derived from both specific-heat and TF-uSR
data, is comparable to the expected weak-coupling BCS value
0.80 meV, thus indicating weakly coupled superconducting

S(T)=— /O[flanr(l—f)ln(l—f)]de, (©))
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FIG. 7. (a) Time-domain TF-uSR spectra of Mos;P measured in
its superconducting state (at 7 = 1.5 K) at 50 and 300 mT. (b) Field-
dependent Gaussian relaxation rate og (H). The arrows indicate
the field values (50 and 500 mT) used in the temperature-dependent
TF-uSR studies. The solid line is a fit to Eq. (8).

pairs in MosP. Furthermore, also the specific-heat disconti-
nuity at T, i.e., AC/y, T, = 1.44, is fully consistent with the
conventional BCS value of 1.43.

F. Transverse-field £SR

To investigate the superconducting properties of MosP at
a microscopic level, we carried out ©SR measurements in
applied transverse fields (TFs). The optimal field value for
such experiments was determined via a preliminary field-
dependent 1SR depolarization-rate measurement at 1.5 K. To
track the additional field-distribution broadening due to the
flux-line lattice (FLL) in the mixed superconducting state,
a magnetic field (up to 500 mT) was applied in the nor-
mal state and then the sample was cooled down to 1.5 K.
Figure 7(a) shows the TF spectra in an applied field of
50 and 300 mT, respectively. The solid lines represent fits
using the same model as described in Eq. (4) below. The
resulting Gaussian relaxation rate opp (H) is summarized in
Fig. 7(b). Above the lower critical field woH;; (29.4 mT), the
relaxation rate decreases continuously. By considering the de-
crease of the intervortex distance with the field and the
vortex-core effects, a field of 50 mT was chosen for the
temperature-dependent TF-uSR studies. For a comparison,
the TF-uSR relaxation was also measured in a field of
500 mT. The field dependence of the Gaussian relaxation
rate was analyzed following Eq. (8) (see details below). The
derived zero-temperature poH. = 0.96(1) T and magnetic
penetration depth Ao = 126(1) nm are consistent with the
temperature-dependent 50 mT results (see Table II).

The TF-uSR time spectra were collected at various tem-
peratures up to 7T, following a field-cooling protocol on both
GPS and HAL instruments. Figures 8(a) and 8(b) show two
representative TF-uSR spectra collected above (7.5 K) and
below T, (1.5 K) on GPS. The enhanced depolarization rate
below T reflects the inhomogeneous field distribution due to
the FLL, which causes the additional distribution broadening
in the mixed state [see Fig. 8(c)]. The time evolution of the
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FIG. 8. TF-uSR time-dependent spectra, collected at 1.5 K
(a) and 7.5 K (b) in an applied field of 50 mT. Fourier transforms
of the above time spectra at 1.5 K (c¢) and 7.5 K (d). The solid lines
are fits to Eq. (4) using two oscillations, while the dash-dotted line in
(c) represents a fit with a single oscillation. The vertical dashed line
indicates the applied magnetic field. Note the clear diamagnetic shift
below T in (c).

USR asymmetry can be modeled by

Atr(t) = ) Aicos(y,Bit + ¢)e "2
i=1

+ Apg COS(Y Bogt + ). 4)

Here A; and Apg represent the initial muon-spin asymmetries
for muons implanted in the sample and sample holder, respec-
tively, with the latter not undergoing any depolarization. B;
and By, are the local fields sensed by implanted muons in
the sample and sample holder, y,, = 27 x 135.53 MHz/T is
the muon gyromagnetic ratio, ¢ is the shared initial phase,
and o; is a Gaussian relaxation rate of the ith component.
The number of required components is material dependent,
generally in the 1 < n < 5 range. For superconductors with a
large k¥ (> 1) value, the magnetic penetration depth is much
larger than the coherence length. Hence, the field distribution
is narrow and a single-oscillating component is sufficient
to describe A(?). In case of a small « (=1/ \/E) value, the
magnetic penetration depth is comparable to the coherence
length. This implies a broad field distribution, in turn requiring
multiple oscillations to describe A(z).

Figures 8(c) and 8(d) show the FFT spectra of the TF-pSR
time-domain asymmetries at 1.5 K and 7.5 K. Solid lines
represent fits to Eq. (4) using two oscillations (i.e., n = 2) in
the superconducting phase and one oscillation in the normal
phase. In the 1.5 K case, a single-component oscillation [dash-
dotted line in panel (c)] is clearly unable to fit the T < T,
data. The derived Gaussian relaxation rates as a function of
temperature are summarized in the insets of Fig. 9. Above
T, the relaxation rate is small and temperature independent,
but below T, it starts to increase due to the onset of the FLL
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FIG. 9. Superfluid density vs temperature, as determined from
TF-uSR measurements in an applied magnetic field of 50 mT (a) and
500 mT (b). The insets show the temperature dependence of the
muon-spin relaxation rate ¢ (7). Two components are required to
describe the 50 mT experimental data [see details in Fig. 8(c)]. The
different lines represent fits to various models, including s-, p-, and
d-wave pairing (see text for details).

and the increase in superfluid density. Unlike the TF-uSR
spectra collected at 50 mT, the 500 mT data sets can be
described by a single oscillation. This reflects the narrower
internal-field distribution for applied fields comparable to H,,.
In case of multicomponent oscillations (at 50 mT), the first-
term in Eq. (4) describes the field distribution as the sum of n
Gaussian relaxations [47]:

2 2 2
Ai yp, (B - Bl)
P(B) = v, ; ;exp[—T : 5)
Then, the first and second moments of the field distribution in
the sample were calculated by

A;B;
B) = —_— 6
B =2 ©
2 2 A; | o?
B2y = Jelt _ 12— By . 7
(B%) _Vx% ,EIA“” |:—y/% ( <))] (7

where Ay = Ziz=1 A;. In the superconducting state, the mea-
sured Gaussian relaxation rate includes contributions from
both a temperature-independent relaxation due to nuclear
moments (0,,) and the FLL (og; 1 ). The FLL-related relaxation

can be extracted by subtracting the nuclear contribution ac-
cording to opr, = , /Gesz — o2. Since opy, is directly related

to the magnetic penetration depth and the superfluid density

(opLL o< 1/A2), the superconducting gap value and its symme-
try can be determined from the measured op (7).

For small applied magnetic fields (Happi/H2 < 1) and
large « values (k >> 1), oprL is field independent and propor-
tional to A2 [40,48]. In the MosP case, however, the upper
critical field wH,, is relatively small (0.94 T) compared to
the applied TF field (50 and 500 mT). Therefore, to extract
the penetration depth from the measured opry, the effects
of overlapping vortex cores with increasing field have to be
considered, requiring the following expression for calculating
the magnetic penetration depth A [40,48]:

Y Po

omL = 0.172 o (A —h[1+121(1 = Vh)I2,  (8)

where h = Hyppi/Hep, With Hypp the applied magnetic field.
The above expression is valid for type-II superconductors with
k > 5 in the 0.25/«k'3 < h < 1 field range. With x ~ 6 and
h = 0.053 (TF 50 mT) and 0.53 (TF 500 mT), MosP fulfills
the above conditions.

By using Eq. (8), we could calculate the inverse square
of the magnetic penetration depth, whose temperature de-
pendence is shown in Fig. 9. To gain insight into the su-
perconducting pairing symmetry in MosP, the temperature-
dependent superfluid density py(T) [A"2(T) o py(T)] was
further analyzed by means of different models, generally
described by

pel(T) = 1 +2</°° Lﬂ@ )
FS

Ak /EZ_A]% 3E

where A; is an angle-dependent gap function, f = (1 +
ef/kT)=1 is the Fermi function, and (---)gs represents an
average over the Fermi surface [45]. The gap function can
be written as Ayx(T) = A(T)gi, where A is the maximum
gap value and gy is the angular dependence of the gap, equal
to 1, cos2y, and sin@ for an s-, d-, and p-wave model,
respectively. Here ¢ and 6 are azimuthal angles. The tem-
perature dependence of the gap is assumed to follow A(T) =
Aotanh{1.82[1.018(T,./T — 1)]%31} [49], where Ay, the gap
value at zero temperature, is the only adjustable parameter.
Note that the function A(T") is practically model independent.

Three different models, including s, d, and p waves, were
used to describe the temperature-dependent superfluid density
A~2(T) measured in an applied field of 50 mT [Fig. 9(a)],
with the first two being singlet pairing and the last one
triplet paring. For the s- and p-wave model, the estimated
gap values are 0.83(1) and 1.12(1) meV, respectively, with
the shared zero-temperature magnetic penetration depth Ay =
121(2) nm, while for the d-wave model, the estimated Ay and
gap values are 109(2) nm and 1.10(1) meV. As can be seen
in Fig. 9(a), the temperature-independent behavior of A=2(T')
below 1/37T, strongly suggests a nodeless superconductivity
in MosP. Therefore, A =2(T) is clearly more consistent with
a single fully gapped s-wave model. In case of d- or p-wave
models, a less-good agreement with the measured A =2 values
is found, especially at low temperature. Such conclusions
are further supported by the low-T specific-heat data shown
in Fig. 6. Also in the TF 500 mT case [see Fig. 9(b)],
the A=2(T) dependence is consistent with an s-wave model,
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FIG. 10. (a) Representative ZF-uSR spectra for MosP in the
superconducting (1.5 and 4 K) and the normal state (8 K). The
solid lines are fits to Eq. (10), as described in the text. Temperature
dependence of the Lorentzian relaxation rate Azg (b) and Gaussian
relaxation rate oz (c). The dashed line, which marks the bulk 7, at
5.5 K, is a guide to the eyes. None of the reported fit parameters show
distinct anomalies across 7.

leading to a Xy = 141(2) nm and to a gap value Ay =
1.57kgT, = 0.41(1) meV.

G. Zero-field uSR

We performed also ZF-uSR measurements, in order to
search for a possible TRS breaking in the superconducting
state of MosP. The large muon gyromagnetic ratio, combined
with the availability of 100% spin-polarized muon beams,
make ZF-;1SR a very sensitive probe for detecting small spon-
taneous magnetic fields. This technique has been successfully
used to detect the TRS breaking in the superconducting states
of different types of materials [8,11,12,15,16,50]. Normally,
in the absence of external fields, the onset of SC does not
imply changes in the ZF muon-spin relaxation rate. However,
if the TRS is broken, the onset of tiny spontaneous currents
gives rise to associated (weak) magnetic fields, readily de-
tected by ZF-uSR as an increase in muon-spin relaxation
rate. Representative ZF-uSR spectra collected above (8 K)
and below 7, (1.5 and 4 K) are shown in Fig. 10. For
nonmagnetic materials, in the absence of applied fields, the
relaxation is mainly determined by the randomly oriented
nuclear moments. Consequently, the ZF-u SR spectra of MosP
could be modeled by means of a combined Lorentzian and
Gaussian Kubo-Toyabe relaxation function [51,52]:

02 IZ
Agzp = AS[% + %(1 — GZZFlz — AZFI) e(_%_AZFt)] +Abg-
(10)

Here A; and Ay, represent the initial muon-spin asymme-
tries for muons implanted in the sample and sample holder,
respectively. In polycrystalline samples, the 1/3-nonrelaxing
and 2/3-relaxing components of the asymmetry correspond
to the powder average of the local internal fields with re-
spect to the initial muon-spin orientation. After fixing Ag to
its average value of 0.215, the resulting fit parameters are
shown in Figs. 10(b) and 10(c). The weak Gaussian and
Lorentzian relaxation rates reflect the absence of electronic

magnetic moments and the small value of the MosP nuclear
moments. Although the ZF-uSR spectra in Fig. 10(a) show
tiny differences between the normal and the superconducting
state, the resulting Azp(T) and ozp(T) parameters show no
distinct changes across 7;.. Note that the tiny increase of Az
between the normal and superconducting state [Fig. 10(b)]
is not related to a TRS-breaking effect, but to the correlated
decrease of ozp [Fig. 10(c)]. The clear lack of an additional
relaxation below 7, implies that the TRS is preserved in the
superconducting state of MosP.

H. 3'P NMR in the normal phase

NMR is a versatile technique for investigating the elec-
tronic properties of materials, in particular, their electron cor-
relations, complementary to uSR with respect to probe loca-
tion. Considering the rather low 7, and H.,(0) values of MosP,
as well as the detailed uSR study of its superconducting
properties (see previous section), we mostly employed NMR
to investigate the normal-state electronic properties of MosP.
To this aim, 3'P NMR measurements were performed at 7 and
0.5 T, i.e., above and below H.,(0) (0.94 T). For both fields,
the 3'P NMR reference frequency vy was determined by using
a solid-state NH4H,PO,4 sample, whose Larmor frequency
coincides with that of phosphoric acid. The 'P NMR shifts
were then calculated with respect to this reference.

Typical *'P NMR line shapes are shown in Fig. 15 in
the Appendix. As expected, the NMR lines at 0.5 T show
a significant broadening and frequency shift below 7, in the
superconducting phase. The 7 T lines, instead, are practi-
cally temperature independent, with typical shapes reflecting
the Knight shift anisotropy. The Knight shift, peak position,
and linewidth were obtained using the DMFIT software [53],
with the best-fit parameters being §i, = 285 ppm, Q =
35 kHZ, and ncs = 0.38. Here, Siso = (8]1 + 822 + 833)/3 is
the isotropic component of the shift tensor, i.e., the aver-
age of its diagonal components in the principal-axes system
(PAS), the linewidth is & = |8;; — 833], and ncs = (820 —
811)/(833 — diso)- The temperature evolution of the linewidths
and shifts (normalized to the field value and the reference
frequency, respectively) is shown in Fig. 11. The almost
temperature- and field-independent linewidths and frequen-
cies suggest a behavior close to that expected for weakly
to moderately correlated metals. The above picture changes
only close to T,, below which we detect a significant drop
in frequency and increase of linewidth, reflecting the elec-
tron pairing and the development of the flux-line lattice in
the superconducting phase, respectively. The temperature-
dependent NMR relaxation rate 1/7; provides useful insight
into the dynamics of conduction electrons and their degree
of correlation. The 1/7; data, shown in Fig. 12(a) (inset),
indicate an almost linear behavior with slightly different
slopes in the regime above and below 7* ~ 103 K. While
the change in slope might reflect a change in the electron-
nuclei coupling, the linearity of 1/7(T) is once more a
clear indication of weak to moderate electron correlations.
This conclusion is confirmed by the 1/77T data shown in
Fig. 12(a) (main panel), where the reported product, at a
first approximation considered as constant, is 0.054 s~! K~
Compared to other metallic superconductors, such as MgB,,
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FIG. 11. Normalized *'P NMR Knight shifts (85 — vo)/vo (left)
and linewidths (right) vs temperature, as measured at 0.5 and 7 T.
While there is a clear drop of frequency and increase of width below
T., the data in the normal phase are practically temperature and field
independent, indicating an almost ideal metallic behavior.

AlB,, and ZrB, (see Fig. 5 in Ref. [54]), such a value indicates
a good metallicity, i.e., a relatively high electron density of
states at the Fermi level. Upon closer inspection we note that,
after a minimum at ~20 K, 1/7; T increases slightly with tem-
perature. The origin of this minimum is currently unknown
to us.

The Korringa relation [55] states the proportionality be-
tween the spin relaxation rate divided by the square of Knight
shift (spin part) with the temperature. The total Knight shift
K consists of a spin (K;) and an orbital (K,) part. Normally
these can be separated by using the (typically linear) K- plot,
with K, being the intercept value to the K axis. However,
as shown in Fig. 16, MosP exhibits a complex behavior,
most likely reflecting the presence of d-type electrons (see
Appendix). In our case, considering the opposite-spin pairing
of electrons in the SC phase, we can assume K; to be fully
suppressed at 0 K. From Fig. 11 we can determine Ky ~
—0.05% and, hence, K; ~ 0.07%. Originally derived for
simple s-band metals with negligible electronic correlations,
K, was successively extended also to d-band metals, where
core polarization effects typically dominate both the Knight
shift and the relaxation rate [56]. The experimental value of
the proportionality constant and its temperature dependence
provide insight into the degree of electron correlations in the
normal state of a material. In particular,

V2

T\ TK? = aS,, )
15 % 0 V2 4mkg

with Sy =

Y

where y, is the gyromagnetic ratio for a free electron, and
yn the gyromagnetic ratio of the probe nucleus. Here, « is a
coefficient of correlation which, in the ideal case of uncorre-
lated electrons, should be 1. As shown in Fig. 12(b), in MosP
the Korringa product is virtually temperature independent
(above T.), since in our case small variations in 1/71T are
mostly compensated by those of the Knight shift (see inset in
Fig. 16). The resulting « value is 5.8, i.e., much higher than
unity. Since the *'P NMR K; shift is mostly due to 4d-type
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FIG. 12. (a) 1/TiT vs temperature measured at 0.5 and 7 T.
Above T, the product is almost constant (0.054 s~! K=1). Inset: 1/7;
vs temperature measured at the same fields. The field-independent
spin-lattice relaxation rate is linear in temperature and changes slope
at T* ~ 103 K. (b) The Korringa ratio vs temperature is almost
constant down to 7,. An average a~! value much lower than 1
(here shown by a dashed line) suggests ferromagnetic electronic
correlations in MosP.

conduction electrons (Mo), a high « value is not unusual
(see Ref. [57]) and suggests at most moderate ferromagnetic
correlations.

I. Electronic band structure and discussion

To further understand the properties of the normal and
superconducting states of MosP, we performed DFT band-
structure calculations, whose main results are summarized
in Fig. 13. As shown in panels (a)—(c), close to Fermi level
the DOS is dominated by the Mo 4d electrons, while the
low-lying states near —6 eV are dominated by contributions
from both Mo-4d and P-3p electrons. The estimated DOS at
Fermi level is about 1.56 states/(eV f.u.) [= 12.5 states/(eV
cell)/Z, with Z = 8 the number of MosP formula units per
unit cell], which is comparable to the experimental results
in Sec. IIIE and Table II. The relatively high DOS hints
at a good metallic behavior in MosP, confirmed by both
electrical resistivity data and the fast NMR relaxation rates.
The electronic band structure calculated without consider-
ing the SOC is shown in panel (d), while that including
SOC in panel (e). In the former case, there are two almost
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FIG. 13. Calculated electronic band structure for Mos;P. Total
and partial (Mo and P) density of states (a). Orbital-resolved density
of states for the Mo (b) and P atoms (c). Band structure of Mo;P
without (d) and with SOC interactions (e), calculated within +1 eV
from the Fermi energy level.

overlapping bands at the Z point, about ~0.05 eV below the
Fermi level. After including the SOC the bands separate,
since SOC breaks the band degeneracy and brings one of
the bands closer to the Fermi level [see Fig. 13(e)]. The
dispersion of the Mo 4d bands, which cross the Fermi level,
is rather small with a bandwidth of about ~0.3-0.4 eV.
The band splitting due to the ASOC is about ~90 meV,
a value comparable to that of other NCSCs, e.g., Y,Cs
(~15 meV) [58] and (Sr, Ba)(Ni, Pd)Si3 (< 20 meV) [59],
but much smaller than that of CePt3Si (~200 meV) [60]
and Li,Pt3;B (~200 meV) [61]. It is accepted that the band
splitting at Fermi level is of primary importance for the super-
conducting properties [1]. Indeed, because of the large ASOC-
induced band splitting, Li,Pt;B shows nodal superconductiv-
ity [62], while the upper critical field in CePt3Si exceeds the
Pauli limit [63]. Conversely, in Y,Cj3 and (Sr, Ba)(Ni, Pd)Sis,
the upper critical field is relatively small and they are fully
gapped superconductors [59,64]. The latter seems also to
be the case of MosP, which shows a small band split-
ting, a low H, value, and a singlet-pairing superconducting
state.

We also compare the superconductivity of Mos;P with
other NCSCs. As shown in Fig. 14, the different families of
superconductors can be classified according to the ratio of
the superconducting transition temperature 7, to the effective
Fermi temperature T, in a so-called Uemura plot [66]. Several
types of unconventional superconductors, including heavy
fermions, organics, high-T.. iron pnictides, and cuprates, all lie
ina 1/100 < T./Tr < 1/10 range (gray region). Conversely,
conventional BCS superconductors exhibit 7. /T < 1/1000,
here exemplified by the elemental Sn, Al, Zn, and Mo. Most of
the NCSCs, e.g., ReT, Mo3Al,C, Li,(Pd, Pt); B, and LaNiC,,
exhibit a 7. /Tr between the unconventional and conventional
cases. This is also the case for MosP. According to the super-
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FIG. 14. Uemura plot for different types of superconductors.
With 1/100 < T,./Tr < 1/10, the gray region indicates the band of
unconventional superconductors, including heavy fermions, organ-
ics, fullerenes, pnictides, and high-7, cuprates. Selected noncen-
trosymmetric and elementary superconductors are shown as symbols
(adopted from Refs. [16,65,66]). The dotted line corresponds to 7, =
T (here Tr is the temperature associated with the Fermi energy, Er =
kg Ty), while the dash-dotted line indicates T,/Tz = 3.09 x 10™* for
MO}P.

conducting parameters obtained from our measurements (see
Table II), we find a 7. /Tx = 3.09 x 10~* for MosP, which is
significantly enhanced (~30 times) compared to elementary
Mo (T./Tz = 0.92/6.77 x 10* = 1.36 x 1073) [41]. On the
other hand, MosP shows a similar 7, /T value as LaNiC, and
La;Ir; (all lying close to the same dash-dotted line). While the
latter exhibit unconventional superconductivity with broken
TRS [11,12], the TRS is preserved in MosP. Further studies,
such as gap-symmetry analysis, are desirable to offer an
answer to such different outcomes.

IV. CONCLUSION

To summarize, we studied the normal- and super-
conducting-state properties of the MosP NCSC by means of
bulk (electrical resistivity, magnetization, and heat capacity)
and local-probe (uSR and NMR) techniques and numer-
ical band-structure calculations. The superconducting state
of MosP is characterized by 7. = 5.5 K, a relatively low
noH»(0) = 0.94 T, and k ~ 6. The temperature dependence
of the superfluid density and zero-field electronic specific
heat reveal a nodeless superconducting state, which is well
described by an isotropic s-wave model and is consistent with
spin-singlet pairing. The lack of spontaneous magnetic fields
below 7. indicates that time-reversal symmetry is preserved in
the superconducting state of MosP. Electronic band structure
calculations suggest a small band splitting due to the ASOC
and a sizable density of states at the Fermi level, confirmed
also by NMR, which shows Mo3P to be a metal with a rather
high N (er) and moderate ferromagnetic electron correlations.
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FIG. 15. Selected Mos;P *'P NMR line shapes measured at (a) 0.5 and (b) 7 T. While at low field a temperature-dependent line broadening
and frequency shift are observable (especially below T.), at high field the line shapes are practically temperature independent. The vertical
lines indicate the 3'P NMR reference frequencies at the respective fields. The black line on top of the 295 K data in panel (b) represents a fit

using a Knight-shift anisotropy model (see text for details).
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APPENDIX: NMR LINE SHAPES
AND RELAXATION RATES

A selection of 3'P NMR line shapes for both magnetic
fields (0.5 and 7 T) is shown in Fig. 15. At low field (a), the
transition to the superconducting phase at low temperature is
indicated by a broadening of the line and by its qualitative
change of shape. Above T, the line shape is described by a
Gaussian (analysis performed by DMFIT), whereas below T,
the line shapes can be fitted by means of a convolution of a
Gaussian with a Lorentzian. At high field (b), the SC phase
transition is suppressed by the applied magnetic field, which
also enhances the anisotropy of the line shapes. The black
line on top of the 295 K data represents a fit using a Knight-
shift anisotropy model (see main text). Here, §;; > &y >
833 represent the principal components of the shift tensor,
identified with the shoulders and the maximum (85,) of the
NMR line shapes shown in Fig. 15(b). The fit parameters in
the Herzfeld-Berger notation [67] used here are the isotropic
component of the shift tensor &, (i.€., the trace average), the
linewidth €2, and the anisotropy 7cs (see main text).

The Clogston-Jaccarino K-y plot shown in Fig. 16 clearly
indicates that the Knight shift depends linearly on the mo-
lar susceptibility x in the range (0.5-1) x 10~* emu/mol,
corresponding to a temperature range 2-50 K. This linear
dependency is given by

K(x)[%] = —1.6451 x 1073 x +2.5226 x 1072, (A1)
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FIG. 16. Clogston-Jaccarino K-x plot for MosP as measured
at 7.067 T. The low-temperature part was fitted by using a linear
relation, as given in Eq. (A1). Inset: 'P NMR shift vs temperature
measured at the same field. The dash-dotted line highlights the shift
deviations in the 50-200 K range.
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The offset may indicate the presence of other temperature-
independent components. The coupling constant [i.e., the
coefficient in Eq. (A1)] may become temperature dependent
for x < 0.5 x 107* emu/mol [68]. From the slope dK/dx
of the K-x plot for T < 50 K, by assuming a standard elec-
tronic g factor of 2.0, the relation K = gAnsx + Kofrser gives
a hyperfine coupling constant Apy = —0.082 T/up and a zero
intercept of 0.025%.

As shown in Fig. 16, both the K-x plot behavior and the
temperature dependence of the NMR shift are rather compli-
cated. This is not unusual for d-type electron systems, known

for their nonlinear K(7') dependencies (see, e.g., Ref. [69]).
In our case, between approximately 30 and 200 K, the Knight
shift deviates markedly from linearity to exhibit a shallow
minimum around 100 K. At 30 K, 1/(7,T) exhibits a min-
imum [see Fig. 12(a)], while around 100 K, 1/7; changes
slope. Since these anomalies appear in rather independent
types of measurements (K and 77), they might represent true
modifications of the MosP electronic properties. Although
currently an explanation concerning their nature is missing,
future studies of the Hall coefficient vs temperature might help
to better determine their origin.
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