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Superconductivity in Rug s5Rhg45P and Rug 75Rhg.25As probed by muon spin
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Superconductivity in the pseudo-binary pnictides Rug 55 Rho.45P and Rug.75Rhg.25As is probed by
muon spin relaxation and rotation (uSR) measurements in conjuction with magnetic susceptibility,
heat capacity and electrical resistivity measurements. Powder x-ray diffraction confirmed the MnP-
type orthorhombic structure (space group Pnma) and showed a nearly single phase nature with
small impurity phase(s) of about 5% for both the samples. The occurence of bulk superconductivity
is confirmed with T, = 3.7 K for Rug.55Rho.45P and T, = 1.6 K for Rug.7sRho.25As. The super-
conducting state electronic heat capacity data reveal weak-coupling single-band isotropic s-wave
gap BCS superconductivity. Various normal and superconducting state parameters are determined
which reveal a weak-coupling electron-phonon driven type-II dirty-limit superconductivity for both
the compounds. The upper critical field shows a linear temperature dependence down to the lowest
measured temperatures which is quite unusual for a single-band superconductor. The SR data con-
firm the conventional type-II behavior, and show evidence for a single-band s-wave singlet pairing

superconductivity with a preserved time reversal symmetry for both the compounds.

I. INTRODUCTION

The discovery of superconductivity in FeAs-based com-
pounds stimulated great interest in pnictide materials [1,
2]. Recently the pseudo-binary pnictides Ruj_,Rh, Pn
(Pn = P, As) which are free of iron were reported to show
superconductivity [3]. Interestingly, the parent com-
pounds RuP and RuAs are nonsuperconducting and non-
magnetic, implying that the superconductivity in these
pseudo-binary pnictides is accessed through a nonmag-
netic critical point. The nonmagnetic route to supercon-
ductivity in these pseudo-binary pnictides is distinct from
that of iron arsenides, where superconductivity occurs
upon suppressing the ordered Fe moment, making them
very interesting for further investigations that should be
helpful in understanding the physics of superconductiv-
ity in pnictides and ascertain the role of Fe moment in
iron arsenide superconductors.

Both RuP and RuAs crystallize with a MnP-type or-
thorhombic structure (space group Pnma) which consists
of face-sharing chains of RuPng octahedra along the a-
axis and a distorted triangular lattice of Ru within the
be plane [3]. The crystal structure is illustrated in Fig. 1.
Both RuP and RuAs have nonmagnetic and nonsuper-
conducting ground states, though, they undergo a metal
to insulator transition below 270 K (RuP) and 200 K
(RuAs) [3]. Furthermore, they also exhibit evidence for
the pseudogap formation associated with a structural
phase transition at 330 K for RuP and 280 K for RuAs
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[3]. The partial substitution of Ru by Rh suppresses
both pseudogap formation and metal-insulator transi-
tion, leading to the emergence of superconductivity with
a maximum 7T, of 3.7 K for Rug.55Rhg 45P and 1.8 K for
Ru0.75Rh0.25AS [3]

In order to characterize the superconducting properties
of Rug 55Rhg 45P and Rug.75Rhg.25As in detail we have
investigated the physical properties of these two pseudo-
binaries by means of various complementary tools. Here
we report our results on the superconducting and normal
state properties of RUO_55Rh0,45P and Ru0v75Rh0_25AS
based on magnetic susceptibility x(7), isothermal mag-
netization M (H), heat capacity Cp(T, H), electrical re-
sistivity p(T, H) and muon spin relaxation and rotation
(#SR) measurements. Our M(T'), Cp(T) and p(T') data
confirm the bulk superconductivity with 7. = 3.7 K for
Ru0.55Rh0.45P and TC = 1.6 K for RUO,75Rh0.25AS. The
superconducting state electronic heat capacity of both
Rug 55Rhg 45P and Rug.75Rhg.25As can be described by
the conventional single-band weak coupling BCS model
of superconductivity. The superconducting state pa-
rameters characterize them as weakly coupled electron-
phonon driven type-II superconductors in the dirty-limit.
Our SR data further confirm the type-II superconduc-
tivity with a single-band s-wave singlet pairing and pre-
served time reversal symmetry in both the compounds.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Rugs5Rhg45P  and
Rug.75Rhg.25As were prepared by the solid state
reaction method at the Core Lab for Quantum Materi-
als, Helmholtz-Zentrum Berlin. Stoichiometric amounts
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FIG. 1. MnP-type orthorhombic structure (space group
Pnma) of RuP as viewed along the a axis.

of high purity elements (Ru: 99.9%, Rh: 99.99%, P:
99.95%, As: 99.999%) in powder form were mixed
and ground, pelletized and sealed in quartz tubes, and
then sintered at 1100 °C (Rug.55Rho.45P) and 1000 °C
(Rug.75Rhg 25As) for 60 h. The samples were reground,
pelletized, sealed in quartz tubes, and sintered for
80 h at the same temperatures used for the first heat
treatment. The samples quality and crystallographic
information were checked by powder x-ray diffraction
(XRD) using Cu K, radiation.

The room temperature powder XRD patterns revealed
a nearly single phase nature of both the samples with
small impurity phase(s) of about 5%. It is evident
from the magnetic susceptibility and the zero-field uSR
measurements that these impurities are principally non-
magnetic. The Rietveld refinement with MnP-type or-
thorhombic structure (space group Pnma) yielded lat-
tice parameters a = 5.4230(4) A, b = 3.3891(3) A and
¢ =5.9255(4) A for Rugs5Rho45P and a = 5.6322(3) A,
b =3.4730(2) A and ¢ = 6.2065(3) A for Rug 75Rhg o5As.

The magnetic susceptibility and isothermal magneti-
zation were measured using a Quantum Design Magnetic
Property Measurement System (MPMS) SQUID mag-
netometer. The heat capacity measurements were per-
formed by the relaxation method using a Quantum De-
sign Physical Property Measurement System (PPMS).
The electrical resistivity measurements were performed
by a standard four-probe ac technique using the PPMS.
Temperatures down to 0.35 K were attained by a 3He in-
sert in the PPMS. For magnetic properties we use Gaus-
sian cgs units, where tesla (1 T = 10% Oe) is a unit of
convenience for magnetic field H.

The muon spectroscopy measurements were carried out
using the MuSR spectrometer at the ISIS facility of the
Rutherford Appleton Laboratory, United Kingdom, with
the detectors in both longitudinal and transverse con-
figurations. A high purity silver (99.999%) plate, which
only gives a non-relaxing background signal, was used to
mount the sample. The powdered samples were mounted
on the silver plates using diluted General Electric (GE)
varnish and then covered with thin silver foils. Tempera-
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FIG. 2. (Color online) Zero field cooled (ZFC) and field cooled
(FC) magnetic susceptibility x of Rug.s5Rho.45P as a function
of temperature T for 0.46 K < T < 5 K measured in applied
magnetic field H = 0.5 mT. Inset: Isothermal magnetization
M(H) at T = 0.5, 1.6 and 3.0 K.

tures down to 50 mK were achieved by cooling the sample
in a dilution refrigerator. Correction coils were used to
cancel the stray fields at the sample position to within 1
wT.

IIT. SUPERCONDUCTIVITY IN Rug.s5Rho.45P
A. DMagnetic Susceptibility and Magnetization

The zero field cooled (ZFC) and field cooled (FC)
x(T) data for Rug s55Rhg 45P measured in H = 0.5 mT
are shown in Fig. 2. A clear superconducting transi-
tion near 3.7 K is evident from both ZFC and FC x(T).
The large Meissner signal for the ZFC y corresponds to
almost 100% superconducting phase fraction, revealing
bulk superconductivity in Rug s5Rhg 45P. A large Meiss-
ner signal is also seen in the isothermal M (H) data at
T = 0.5 K (see inset of Fig. 2). It is seen that the M
is initially linear in H and deviates from this linear be-
havior as H increases further. This deviation from the
linearity of M(H) at low-H marks the lower critical field
He (~ 5.6 mT at 0.5 K) which as expected decreases
as the temperature approaches to Tg, e.g., at 1.6 K and
3.0 K (see inset of Fig. 2).

B. Electrical Resistivity

The p(T') data for Rug 55Rhg.45P measured at various
fields are shown in Fig. 3. A clear superconducting tran-
sition is seen in p(T'). In the normal state, the p(T) data
reveal a metallic character, i.e. the p decreases with de-
creasing T, reaching a value of 0.55 mQ cm at 5 K giving
a residual resistivity ratio of 1.2. The onset of super-
conductivity occurs at T ~ 3.9 K and the zero re-
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FIG. 3. (Color online) (a) Electrical resistivity p of

Rup.s5Rho.45P as a function of temperature 7" for 1 K <
T < 300 K measured in applied magnetic field H = 0. Insets:
(i) Expanded plot of p(T") showing the superconducting tran-
sition, and (i) p(H) at 1 K. (b) Low-T p(T') at different H
for 045 K <T < 5.5 K.

sistance state is reached at T.o =~ 3.8 K [see inset (i) of
Fig. 3(a)]. The effect of magnetic field on T is clear from
the p(T) measured in different H [Fig. 3(b)], the T, de-
creases with increasing H. The p(H) data indicate that
a field of about 3.2 T is required to completely destroy
the superconductivity [see inset (ii) of Fig. 3(a)].

C. Heat Capacity

The C,(T') data for Rug 55 Rhg 45P measured at various
fields are shown in Fig. 4. An anomaly related to the su-
perconducting transition is clearly seen from the Cp(T')
data, Tt = 3.86 K at H = 0. Using the entropy-
conserving construction [as shown in Fig. 4(b)] we define
T. = 3.70(5) K. The application of magnetic field sup-
presses the T, and at H = 3.0 T the anomaly related to
superconductivity is suppressed to a temperature below
0.46 K [see Fig. 4(a)]. We also see an anomaly near 1 K
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FIG. 4. (Color online) (a) Heat capacity Cp of Rug.s5Rho.45P
as a function of temperature 7" for 0.45 K < T' < 5 K measured
in different indicated applied magnetic fields. (b) Electronic
contribution Ce(T") to zero field heat capacity. The solid red
curve is the theoretical prediction for single-band fully gapped
(A(0)/kTe = 1.764) BCS superconductivity. The theoretical
curve is shifted up by 0.40 mJ/mol K which accounts for
nonsuperconducting contribution to C.. The dashed blue line
depicts the v,T'.

whose origin is not clear and we attribute it to the pres-
ence of unidentified impurity in the sample. The absence
of any corresponding anomaly in the magnetic suscepti-
bility data or the muon spectroscopy data presented be-
low, supports the view that the bulk of any impurity in
the sample is nonmagnetic. A secondary superconduct-
ing phase with a different Rh concentration seems very
likely to be the source of this 1 K anomaly in C, (7).

The low-T' C,(T') data above T, are well described by
Cp(T) = T + BT3, allowing us to estimate the normal
state Sommerfeld coefficient v, = 1.03(4) mJ/mol K2.
The coefficient 3 is found to be 0.078 mJ/mol K*
which gives an estimate of Debye temperature Op =
(127*Rn/56)"/3 = 368(5) K, where R is the molar gas
constant, and n = 2 the number of atoms per for-
mula units [4]. We estimate the density of states at



Nr————7 77—
I (@

5

H (mT)

O from p(T,H)
- % frome(T,H)

—— WHH, a,, = 0.57,2,, = 0
——WHH, a,, = 0.57,%,, = 1.0
IR ST S S N SN S ST S I S S S S |

T(K)

0 1 2 3 4 5
T(K)

T (K)

FIG. 5. (Color online) (a) Thermodynamic critical field H. of Ruo.55Rho.45P as a function of temperature 7" obtained from the
experimental electronic heat capacity C.(T') data. (b) Lower critical field Hci(T) obtained from M (H) data, and (c) Upper
critical field He2(T') obtained from Cy (T, H) and p(T, H) data. The solid curves represent the fits as discussed in the text. The

dashed line in (c) shows a linear behavior.

the Fermi level D(Er) according to the relation v, =
(7?k} /3)D(ER), yielding D(Er) = 0.44(1) states/eV f.u.
for both spin directions. The bare band-structure den-
sity of states Dpand(Er) can be found using the relation
D(Ew) = Dvand(Er)(1+Xe—pn) [5]. The electron-phonon
coupling constant Ae_pn can be determined using McMil-
lan’s relation [6]

1.04 + p* In(©p/1.45 T,
1—0.621) In(Op/1.45T¢) — 1.04°

Ae—ph = ( (1)
Accordingly, for p* = 0.13, and using the values of
T. = 3.7 K and Op = 368 K, we obtain Ae—pn = 0.56.
The small value of A._p reflects a weak-coupling su-
perconductivity in Rug.s5Rhg.45P. Using Ae—pn = 0.56,
we get Dpand(Fr) = 0.28 states/eV fau.  for both
spin directions. The effective quasiparticle mass m* =
mp.na(l + Ae—pn) is estimated to be m* = 1.56me..
The Fermi velocity vp estimated using the relation [4]
vp = (728 /m**V; , )D(Br) = 5.74 x 107 cm/s, where
Vi . is the volume per formula unit. The mean free path
given by [7] £ = (37%1?)/(e*m*?vipo) = 0.37 nm. This
value of £ is close to the lattice parameter b.

D. Superconducting state properties

In order to estimate the superconducting parameters
we separate out the electronic contribution to the heat
capacity Co(T) by subtracting off the lattice contribution
from the measured C,(T), i.e. Co(T) = Co(T) — BT3.
The Co(T) estimated for RugssRhgasP is shown in
Fig. 4(b). The Co(T) shows superconducting transition
more clearly, reflecting the bulk nature of superconduc-
tivity. A jump of AC, = 5.40(5) mJ/molK at T is ob-
tained corresponding to the entropy-conserving construc-
tion shown by the vertical dotted line at Tt in Fig. 4(b).
Accordingly we obtain the parameter AC,/y,T. =
1.42(1) for T. = 3.7 K and v, = 1.03(4) mJ/molK?
which is in very good agreement with the BCS value of
1.426 in the weak-coupling limit [8].

We analyze C.(T') data within the framework of
single-band fully-gapped BCS model of superconductiv-
ity which is also supported by our pSR data (discussed
latter). The theoretical prediction for the fully gapped,
A(0)/kpT. = 1.764 [where A(0) is the superconduct-
ing gap at T = 0], BCS superconductivity is shown in
Fig. 4(b). A reasonable agreement between the experi-
mental data and the theoretical prediction can be seen
from Fig. 4(b). In order to compare the experimental
data and theoretical prediction, the theoretical curve has
been shifted by 0.40 mJ/mol K which can be attributed
to the presence of small nonsuperconducting impurity
phase(s).

We estimate the thermodynamic critical field H.(T")
using the zero-field Co(T') data. The H, is related to the
entropy difference between the normal Se, and super-
conducting Ses states [8, 9], HZ(T) = 87 [°[Sen(T") —
Ses(T")]dT’. The electronic entropies can be estimated
by integrating the electronic heat capacity, i.e. So(T") =

fOTl [Co(T")/T")]dT”. The H.(T) obtained this way is
shown in Fig. 5(a). The H.(T') data follow the behavior
H.(T) = H.(0)[1 — (T/T.)?], however with p = 1.36(1)
which is much lower than 2. The fit of H.(T") data shown
by solid red curve in Fig. 5(a) yields H.(0) = 25.0(1) mT.

The T dependence of the lower critical field H.; de-
termined from the M (H) isotherms collected at vari-
ous T is shown in Fig. 5(b). The H.(T) data are
well described by the conventional behavior H.i(T) =
H(0)[1 — (T/T.)P], with p = 2, the fit is shown by
the solid red curve in Fig. 5(b). Accordingly we obtain
H:1(0) = 5.6(1) mT. This value of H(0) is much lower
than the H.(0) = 25.0(1) mT obtained above, indicating
a type-II superconductivity in Rug 55Rhg 45P.

The T dependence of the upper critical field
Heo determined from the Co(T,H) and p(T,H)
data is shown in Fig. 5(c). The much larger
value of Heo(T—0) compared to Hc1(0) and H.(0)
further confirms the type II superconductivity in
Rug.55Rhg.45P. The initial slope of Heo(T) is found to be



TABLE 1. Measured and derived superconducting and
relevant normal state parameters for Rug.ssRho.4sP and
Ruo,55Rho,45AS.

Ruo.s5Rho.45P  Ruog.s5Rho.45As

T. (K) 3.70(5) 1.60(4)
Yo (mJ/mol K?) 1.03(4) 3.79(6)
D(Er) (states/eV fu.) 0.44(1) 1.61(2)
Op (K) 368(5) 284(2)
Ae—ph 0.56 0.49
AC. (mJ/mol K) 5.40(5) 8.14(8)
ACe/ T 1.42(1) 1.42(2)
A(0)/kpTe (K) from puSR 1.78(3) 1.81(6)
o 0.57 0.90
H.(T = 0) (mT) 25.0(1) 16.6(2)
Hp (T) 6.88 2.98
Hei (T = 0) (mT) 5.6(1) 5.4(1)
HS™(T = 0) (T) 2.76 (5) 1.90(4)
Heo(T = 0) (T) 3.30(2) 2.60(1)
KGL 93 111
éar(T = 0) (nm) 10 11
EBCs (T = 0) (nm) 214 1792
¢ (m* = 1.51me) (nm) 0.37-0.42 0.023-0.051
A€ (0) (nm) 933 1247
ASB(0) (nm) from puSR 309(3) 487(4)

dHo(T)/dT|r=1. = —1.08(2) T/K. The orbital critical
field HQ™(0) estimated according to [10, 11] HQ™(0) =
— AT, dHe(T)/dT | 7r—re is 2.92(5) T in the clean limit
(A = 0.73) and 2.76(5) T in the dirty limit (A = 0.69).
The Pauli-limiting upper critical field Hp(0) = 1.86 T,
[12, 13], accordingly we obtain Hp(0) = 6.88 T. The
Maki parameter oy = /2 HQ™(0)/Hp(0) = 0.57 [14]
using the dirty limit value of H2™(0). The small value
of ayp suggests that the orbital pair breaking is important
in determining the H.s.

It is seen that the H.o shows a linear T dependence
without showing any saturation tendency at low tem-
peratures. This linear behavior of Heo(T') is quite dis-
tinct from the behavior of isotropic, single-band BCS su-
perconductors for which Heo(T') exhibits a linear tem-
perature dependence only close to T, and saturates at
low temperatures with a downward curvature. As such
the Heo(T) could not be described by the Werthamer,
Helfand, and Hohenberg (WHH) model for an isotropic
superconductor in the dirty limit [10, 11]. The WHH
model predicted Heo(T) for apy = 0.57 and Ago = 0 as
well as Ao = 1.0 are shown in Fig. 5(c). The departure
from the WHH model is quite clear at low-T". Therefore
the upper critical field is estimated by a linear extrapo-
lation of Hco(T), which yields H.2(0) = 3.30(2) T.

The  Ginzburg-Landau  parameter kgL =
Heo(0)/vV2 He(0) & 93 > 1/v/2 for Heo(0) = 3.30 T
and H.(0) = 25.0 mT clearly classifies Rugs5Rhg.45P
as a type-II superconductor. The Ginzburg-Landau
coherence length &gr,(0) can be estimated from
[8, 9] Hea(0) = ®¢/27écr(0)2, where the flux quan-
tum ®y = 2.07 x 1077 Gem?.  Accordingly, for
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FIG. 6. (Color online) Zero field puSR time spectra for

Ruo.55Rho.45P collected at 0.05 and 4.2 K. The solid curves
show the fits made using Eq. (4).

Hepy = 3.30 T we get &cr(0) = 10 nm. The much
larger value of £ar,(0) compared to the mean free path
(¢ = 0.37 nm) indicates that the superconductivity in
Ru0.55Rh0.45P is in dirty—limit.

The BCS coherence length {pcg estimated according
to [8]

wa 1 h’UF
= — = — _ 2
éBes 7A(0) <7r) 1.764 kpT. @)
is found to be £pcs = 214 nm for vp = 5.74 x 107 cm/s
and T, = 3.7 K. Within the Ginzburg-Landau thory
an estimate of Aeg can be obtained using the values of
critical fields through the relation [8]

Do H2(0)
Ag(0) = —=— 3
gives Aeg(0) = 933 nm. The measured and derived su-
perconducting parameters of Rug 55Rhg 45P are listed in
Table I together with those of Rug.75Rhg.o5As.

E. Muon spin relaxation and rotation

The superconducting ground state of Rugs5Rhg 45P
was further probed by muon spin relaxation and rotation
measurements. In order to detect magnetic signal associ-
ated with the breaking of time-reversal symmetry we first
collected the uSR spectra in zero-field (ZF). The time ¢
evolution of muon spin asymmetry for ZF-uSR. is shown
in Fig. 6 for 0.05 K and 4.2 K. No noticeable change is
observed in the muon relaxation rate above (4.2 K > T)
and below (0.05 K < T¢) the superconducting transition
temperature which suggests that the muons do not sense
any spontaneous internal field while entering the super-
conducting state. This indicates that the time-reversal
symmetry in the superconducting state is preserved in
Rug.55Rho.45P.
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FIG. 7. (Color online) Transverse field uSR time spectra for
Ruo.55Rho.45P collected at (a) 4.2 K and (b) 50 mK in an
applied magnetic field of 30 mT in the field-cooled state. The
solid curves represent the fits made using Eq. (6). The cor-
responding maximum entropy spectra are shown in (c) and

(d).

The ZF pSR spectra are well described by the damped
Gaussian Kubo-Toyabe function,

Azp(t) = Ag Grr(t) e + Apg, (4)
where
1 2 2,2\ —o?t?/2
Grr(t) = |3 +3 (1-c")e (5)

being the Gaussian Kubo-Toyabe function [15], Ay is the
initial asymmetry, A is the electronic relaxation rate,
o is the static relaxation rate, and Apg is the time-
independent background contribution. ¢ is a measure of
the Gaussian distribution of static fields associated with
the nuclear moments and A accounts for the fluctuating
field. The fits of uSR spectra by the decay function in
Eq. (4) are shown by solid lines in Fig. 6. The fit yields
o = 0.136(2) ps~! and A = 0.001(1) pus~! at 0.05 K
and o = 0.136(2) us~! and A = 0.001(1) us~ ! at 4.2 K.
Within the error bar the values of o and A are essentially
the same, indicating that the time reversal symmetry re-
mains preserved..

In order to obtain information about the superconduct-
ing gap structure and pairing symmetry we also collected
the uSR spectra in an applied transverse-field (TF). The
TF muon spin precession signals were collected in field-
cooled mode with an applied field of 30 mT at 4.2 K
(above T¢) and then the sample was cooled to 0.05 K
(below T). The TF-uSR data were collected at various

temperatures in the heating cycle. The TF-uSR preces-
sion signals at 4.2 and 0.05 K are shown in Figs. 7(a)
and 7(b). The TF pSR spectra are well described by an
oscillatory function damped with a Gaussian relaxation
and an oscillatory background, i.e. by

Arp(t) = Aj cos (wit + ¢) o—orrt?/2

(6)
+ Apg cos (wpgt + @)

where A; and Apg are the initial asymmetries of sam-
ple and background (silver holder), respectively, and
wi = YuHint,1 and wpg = v, Hint,Be are the associated
muon precession frequencies (with internal field at muon
site Hine and muon gyromagnetic ratio v,); ¢ is the ini-
tial phase of the muon precession signal. The Gaussian
relaxation parameter orp consists of two contributions:
one due to the inhomogeneous field variation across the
superconducting vortex lattice os., and the other due to
the nuclear dipolar moments oy, which is assumed to
be constant over the entire temperature range. orp is
related to os. and o,y as

U‘%F = Uszc + 0r21m' (7)
The nuclear dipolar relaxation rate was obtained by fit-
ting the spectra at T" > T, which was then subtracted
from orp according to Eq. (7) to obtain the supercon-
ducting contribution og.. The fits of the TF uSR spectra
by the decay function in Eq. (6) are shown by solid red
curves in Figs. 7(a) and 7(b). At low tempearture, e.g.
at T'= 0.05 K (T' < T¢), the org is found to be much
larger than that at 7' > T.. Such an increase of orp
is due to the vortex lattice formation and reveals bulk
superconductivity in Rug 55Rhg 45P.

The maximum entropy spectra that depict the mag-
netic field probability distribution P(H) corresponding
to the TF uSR spectra at 4.2 K and 0.05 K in Figs. 7(a)
and 7(b) are shown in Figs. 7(c) and 7(d), respectively.
It is seen from Figs. 7(c) and 7(d) that in the normal
state (at 4.2 K) a sharp peak is observed at Hi, cen-
tered around the applied H, whereas in superconducting
state (at 0.05 K) an additional broad peak appears at a
lower field (Hins < H). The appearance of an additional
peak at an internal field lower than the applied H is a
characteristic of a type-II behavior (due to the field dis-
tribution of the flux-line lattice in the vortex state) and
indicates a type-II superconductivity in Rug 55Rhg 45P as
also inferred from the bulk properties measurements and
kar listed in Table 1.

The o4 (T) obtained from orr(7T) is shown in Fig. 8.
The oy is directly related to the magnetic penetration
depth and superfluid density and therefore carries infor-
mation about the symmetry and size of superconducting
gap. As the TF spectra were collected at 30 mT which
is much smaller than the upper critical field, following
Brandt [16], for a triangular vortex lattice oy is related
to the effective penetration depth Aeg as

sSC @
Tse _ V000371 55 (8)

/YM eff
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FIG. 8. (Color online) Temperature T' dependence of the

muon spin relaxation rate os. for Rug.s5Rho.45P collected in
an applied transverse field of 30 mT in field cooled state. The
solid curve represents the fit for an isotropic single gap s-wave
model according to Eq. (9).

This relation is valid for 0.13/k?<(H/H.2)<1 and k>
70 [16] and these conditions are approximated by the
parameters listed in Table I for Rug.s5Rhg.45P. The su-
perconducting gap can be modeled by [17]

osc(T)

0sc(0)

A (T, A)
At (0)
21

EdEdy

141 -9
_1+7TA /A(Tw)BE\/WQ(T,cp)’ (9)

where f = [1+exp(—E/kgT)]”" is the Fermi func-
tion and ¢ is the azimuthal angle along the Fermi
surface. The T and ¢ dependent order parameter
A(T,p) = A(0)S(T/T:)g(p), where the function g(y)
contains the angular dependence of the superconducting
gap function. For an isotropic gap s-wave model there
is no angular dependence and hence we used g(p) = 1
[18, 19]. We used the BCS approximation 6(T/T.) =
tanh[(1.82)(1.018(7./T — 1))**'] [20].

The 04.(T) data could be described well by a single-
band isotropic gap s-wave model according to Eq. (9).
The fit is shown by the solid red curve in Fig. 8. The
fit yielded A(0) = 0.57(1) meV which in turn gives
A(0)/kgT. = 1.78(3) which is in very good agreement
with the expected BCS value of 1.764. From the fit
of 05(T) we get 0(0) = 0.179(2) pus~—! which accord-
ing to Eq. (8) yields Aeg = 309(3) nm. This observed
value of Aeg is much lower than the calculated value
of Aeg = 933 nm (see Table I). As the puSR provides
a reliable estimate of superfluid density, the value of
Aeft Obtained through the analysis of uSR is more re-
alistic. The results discussed above that were obtained
from the puSR data (particularly the temperature depen-
dence of og, which fits better to a single s-wave gap
with the BCS expected value of A(0)/kpT,) together re-
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FIG. 9. (Color online) Zero field cooled (ZFC) and field cooled
(FC) magnetic susceptibility x data of Ruo.7sRho.25As as a
function of temperature 7" for 0.45 K < T < 2 K measured in
applied magnetic field H = 0.5 mT. Inset: Isothermal mag-
netization M (H) data measured at indicated temperatures.

flect a single-band fully gapped isotropic s-wave singlet
pairing weakly coupled conventional type-II supercon-
ductivity in Rug s5Rhg 45P. Our uSR data thus reflect a
single-band fully gapped isotropic s-wave singlet pairing
weakly coupled conventional type-II superconductivity in
Ruo.55Rho.45P.

IV. SUPERCONDUCTIVITY IN Rug.75Rho.25As
A. DMagnetic Susceptibility and Magnetization

The ZFC and FC x(T') data for Rug 75Rhg 25 As mea-
sured in H = 0.5 mT are shown in Fig. 9. Both ZFC
and FC x(T) show clear superconducting transition, an
onset of superconductivity is seen at 1.73 K followed by a
sharp transition below 1.63 K. Further, the large Meiss-
ner signal for the ZFC y reveals bulk superconductivity
with a superconducting phase fraction of ~ 100%. The
isothermal M (H) data also show a large Meissner signal
(inset of Fig. 9). At T = 0.5 K, M(H) is linear for fields
~ 4 mT and deviates thereafter. This linear regime and
hence H.; decreases with increasing T as the tempera-
ture approaches T.. The T dependence of H.; inferred
from the M (H) isotherms is discussed latter.

B. Electrical Resistivity

The p(T) data of Rug 75Rhg.25As measured with var-
ious applied fields are shown in Fig. 10. The p exhibits
metallic behavior and undegoes a superconducting tran-
sition. The residual resistivity just before entering the
superconducting state is 7.25 mQcm and the residual
resistivity ratio is ~ 1.1. The T2"*" for superconduc-
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FIG. 10. (Color online) (a) Electrical resistivity p of

Ruo.75Rho.25As as a function of temperature 7' for 0.45 K <
T < 300 K measured in applied magnetic field H = 0. Insets:
(i) Expanded plot of p(T") showing the superconducting tran-
sition, and (i) p(H) at 1 K. (b) Low-T p(T') at different H
for 0.45 K <T <3 K.

tivity is &~ 1.80 K with the zero resistance state below
Teo ~ 1.63 K [inset (i) of Fig. 10(a)]. The p(T") measured
in different H shown in Fig. 10(b) shows the suppression
of T, by field, T, decreases with increasing H. The p(H)
data in inset (ii) of Fig. 10(a) indicate that a field of
~ 1.6 T would be required to destroy the superconduc-
tiVity in RUO,75Rh0.25AS.

C. Heat Capacity

The C,,(T) data of Rug.75Rhg 25As measured with var-
ious applied fields are shown in Fig. 11(a). The C,(T)
shows a clear anomaly related to the superconducting
transition. An onset of superconductivity is seen at
7ot = 1.77 K in zero field Cp(T) data. A T, =
1.60(4) K is obtained by the entropy-conserving construc-
tion shown in Fig. 11(b). As expected, the application
of magnetic field suppresses the T¢.. In addition, the field
also broadens the peak.
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FIG. 11. (Color online) (a) Heat capacity Cp of
Ruo.75Rho.25As as a function of temperature 7" for 0.45 K <
T < 2.5 K measured in different indicated applied mag-
netic fields. (b) Electronic contribution Ce to zero field heat
capacity as a function of temperature 7. The solid red
curve is the theoretical prediction for single-band fully gapped
[A(0)/ksT. = 1.764] BCS superconductivity. The theoretical
curve is shifted up by 0.50 mJ/mol K which accounts for non-
superconducting contribution to Ce.

From the analysis of normal state low-T' C,(T)
data we obtain v, = 3.79(6) mJ/molK? and 5 =
0.169(2) mJ/mol K*. The density of states at the Fermi
level is estimated to be D(FEr) = 1.61(2) states/eV f.u.
for both spin directions. The Debye temperature is found
to be Op = 284(2) K [4]. The electron-phonon coupling
constant estimated according to Eq. (1) for 7. = 1.6 K
and ©Op = 284 K is Ae—pn = 0.49 which reflects a
weak-coupling superconductivity in Rug.75Rhg.25As. For
Ae—ph = 0.49 the bare band-structure density of states
is found to be Dyana(Fr) = 1.08 states/eV f.u. for both
spin directions, and the effective quasiparticle mass turns
out to be m* = 1.49m,. The Fermi velocity and mean
free path are found to be vp = 2.08 x 10% c¢m/s and
¢ = 0.023 nm. We note that the estimated value of ¢
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critical field Heo(T') obtained from C, (T, H) and p(T, H) data. The solid curves represent the fits as discussed in text. The

dashed line in (c) shows a linear behavior.

is significantly lower than the lattice constant suggest-
ing that the Drude model of electrical conduction fails to
account for the measured resitivity.

D. Superconducting state properties

The electronic contribution Co(T) to heat capacity
of Rug.75Rhg 25As is shown in Fig. 11(b) which clearly
shows the bulk nature of superconductivity. Utilizing the
entropy-conserving construction in Fig. 11(b) we obtain
AC, = 8.14(8) mJ/mol K at T, and AC, /T, = 1.42(2)
for T. = 1.6 K and v, = 3.79 mJ/mol K? in very good
agreement with the weak-coupling BCS value of 1.426.
The theoretical prediction for a single-band fully gapped
BCS superconductor is shown in Fig. 11(b) and there is
very reasonable agreement with the experimental data.
The theoretical curve is shifted up by 0.50 mJ/mol K
to account for the presence of small nonsuperconducting
impurity phase(s) in sample.

The thermodynamic critical field estimated from the
zero-field heat capacity data is shown in Fig. 12(a). The
H.(T) data follow the behavior H.(T) = H.(0)[1 —
(T/T.)P], with p = 1.5. The fit of H.(T) data by this
behavior is shown by the solid red curve in Fig. 5(a),
giving H.(0) = 16.6(2) mT.

The lower critical field determined from the M(H)
data is shown in Fig. 12(b) as a function of temperature.
The H.,(T) data follow H.1(T) = He1(0)[1 — (T/T¢)?],
with p = 1.5. The fit of H.1(T) by this expression
is shown by the solid red curve in Fig. 5(b) which
gives a Hc1(0) = 5.4(1) mT. Similar to the case of
Rug 55Rhg.45P, the small value of H.;(0) compared to
the value of H.(0) indicates a type-II superconductivity
in Ru0_75Rh0_25As.

The temperature dependence of upper critical field de-
termined from the C, (T, H) and p(T, H) data is shown in
Fig. 12(c). With an initial slope of dHco(T)/dT |r=1c =
—1.72(4) T/K, the orbital critical field HQ™(0) =
2.01(4) T in the clean limit and H3™®(0) = 1.90(4) T

in the dirty limit. The Pauli-limiting upper critical field
is found to be Hp(0) = 2.98(7) T, accordingly we obtain
Maki parameter apr = 0.90. The ayy is close to 1 and
suggests that the Pauli limiting is playing role in deter-
mining the H.o. Similar to the case of Rug.55Rhg.45P, the
Ho(T) of Rug.75Rhg 25As shows a linear behavior that
cannot be described by the WHH model. The WHH
model predictions for apr = 0.90 and A\go = 0 as well as
Aso = 1.0 are shown in Fig. 12(c) to show the departure
from the WHH model, particularly at low-7. A linear
extrapolation of Heo(T) yields H.2(0) = 2.60(1) T.

The Ginzburg-Landau parameter estimated from
He2(0) = 2.60 T and H.(0) = 16.6 mT is kgL ~ 111,
characterizing Rug 75Rhg 25As as a type-II superconduc-
tor. The Ginzburg-Landau coherence length is found
to be {ar,(0) = 11 nm. The &g (0) is very large com-
pared to the mean free path (¢ = 0.023 nm), suggesting
a dirty-limit superconductivity in Rug.75Rhg 25As. For
vp = 2.08 x 108 cm/s and T. = 1.6 K, the BCS co-
herence length is found to be {gcs = 1792 nm. The
effective magnetic penetration depth is estimated to be
Adefr(0) = 1247 nm. The measured and derived super-
conducting parameters of Rug.75Rhgo5As are listed in
Table 1.

E. Muon spin relaxation and rotation

In order to further probe the superconducting ground
state of Rug75Rhg25As we also carried muon spin re-
laxation and rotation measurements both in zero field
and transverse field. The ZF-uSR spectra are shown in
Fig. 13 for 0.071 and 3 K. As seen from Fig. 13 the
muon relaxation rate above (3 K) and below (0.071 K)
T, are very similar which indicates that the time-reversal
symmetry is preserved in the superconducting state of
Rug.75Rhg.25As. The ZF uSR spectra were analyzed
by damped Gaussian Kubo-Toyabe function given in
Eq. (4), the fits of uSR spectra are shown by solid lines
in Fig. 13. From the fits we obtained o = 0.089(1) us~*
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for Ruog.7sRho.25As collected at (a) 2.5 K and (b) 74 mK in
an applied magnetic field of 30 mT in the field-cooled state.
The solid curves represent the fits made using Eq. (6). The
corresponding maximum entropy spectra are shown in (c¢) and

(d).

and A = 0(0) us! at 0.071 K and o = 0.088(2) us™*
and A = 0(0) us~! at 3 K.

The TF uSR spectra of Rug.75Rhg.25As, which were
collected in field-cooled mode with an applied field of
30 mT, at 2.5 K (above T¢) and 0.074 K (below T¢) are
shown in Figs. 14(a) and 14(b). The TF uSR spectra
were analyzed by an oscillatory function damped with a
Gaussian combined with an oscillatory background given
in Eq. (6). The fits of the TF uSR spectra are shown
by solid red curves in Figs. 14(a) and 14(b). The orp
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FIG. 15. (Color online) Temperature T dependence of the
muon spin relaxation rate os. for Rug.75 Rho.25As collected in
an applied transverse field of 30 mT in the field-cooled state.
The solid curve represents the fit for an isotropic single gap
s-wave model according to Eq. (9).

is found to be significantly larger at T < T, (e.g. at
T = 0.074 K) compared to that at T > T, thus revealing
a bulk superconductivity in Rug 75Rhg.25As. The maxi-
mum entropy spectra corresponding to the TF uSR spec-
tra at 2.5 and 0.074 K are shown in Figs. 14(c) and 14(d),
respectively. Only one peak (centered around the applied
H) is observed in both normal state (at 2.5 K) and su-
perconducting state (at 0.074 K), however, at 0.074 K
the peak broadens a little with an extra shoulder on
lower field side indicating type-II superconductivity. This
observation for Rug.75Rhg 25As is different from that in
Rug.55Rhg45P where an additional peak at an internal
field lower than the applied H was clearly observed.

The os.(T) obtained according to Eq. (7) from orp(T)
of Rug.75Rhg 25As is shown in Fig. 15. The condition
0.13/Kk*<(H/Hq2)<1 and k > 70 [16] are fulfilled by the
parameters of Rug.75Rhg.o5As listed in Table I, therefore
0sc can be related to the effective penetration depth Aeg
according to Eq. (8) and the superconducting gap can be
modeled by Eq. (9) similar to the case of Rug s5Rhg 45P
discussed above. Similar to Rug s5Rhg 45P the os.(T') of
Rug.75Rhg.25As is also very well described by the sin-
gle band isotropic gap s-wave model. The fit of o4 (T)
by Eq. (9) is shown by the solid red curve in Fig. 15.
The fit yielded A(0) = 0.25(1) meV which corresponds
to A(0)/kgT. = 1.81(6) which within the error bar is
in very good agreement with the expected BCS value of
1.764. From the value of 04.(0) = 0.072(1) us~! we ob-
tain Aegg = 487(4) nm which is again substantially lower
than the calculated value (see Table I). Similar to the
case of Rug.s5Rhg.45P, the uSR data of Rug.75Rhg.o5As
also reflect a weakly coupled single-band fully gapped
isotropic s-wave singlet pairing conventional type-II su-
perconductivity.



V. CONCLUSIONS

We have investigated the superconductiing prop-
erties of two pseudo-binary pnictides RugssRhg 45P
and Ru0_75Rh0,25As through X(T), M(H), Cp(T, H),
p(T,H) and pSR measurements. The x(7), Co(T)
and p(T) present conclusive evidence for bulk super-
conductivity below 3.7 K in Rugs5Rhg45P and be-
low 1.6 K in Rug.7sRhgosAs.  The superconducting
state electronic heat capacity of both Rug.55Rhg.45P and
Rug.75Rhg 25As follows BCS superconductivity charac-
terized by AC,/vnT. = 1.426 and A(0)/kgT. = 1.764.
Various normal and superconducting state parameters
have been estimated and a weakly-coupled electron-
phonon driven type-II superconductivity in dirty-limit is
inferred for both Ru0,55Rh0_45P and Ru0_75Rh0_25As.

For both RU.Q.55RhO.45P and RUO,75Rh0.25AS, the up-
per critical field is found to exhibit a linear tempera-
ture dependence, which could not be described by the
isotropic dirty limit theory of WHH. This type of linear
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behavior has been associated with two band supercon-
ductivity, however, our puSR data do not support two
band superconductivity in these compounds. The puSR
data confirm the conventional type-II behavior and reveal
that the time reversal symmetry is preserved in both the
compounds. The analysis of the temperature dependence
of the superconducting contribution to muon relaxation
rate os.(T") obtained from the TF-uSR data reveals an
isotropic single gap s-wave superconductivity in both the
compounds.
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