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Abstract.

The superconducting properties of rhombohedral LaIr3 were examined using

susceptibility, resistivity, heat capacity, and zero-field (ZF) and transverse-field (TF)

muon spin relaxation and rotation (µSR) measurements. The susceptibility and

resistivity measurements confirm a superconducting transition below TC = 2.5(1) K.

Two successive transitions are observed in the heat capacity data, one at TC = 2.5 K

and a second at 1.2 K below TC. The heat capacity jump is ∆C/γTC ∼ 1.0 which

is lower than 1.43 expected for Bardeen-Cooper-Schrieffer (BCS) weak-coupling limit.

Transverse-field-µSR measurements reveal a fully gapped s−wave superconductivity

with 2∆(0)/kBTC = 3.31(8), which is small compared to BCS value of 3.56, suggesting

weak-coupling superconductivity. The magnetic penetration depth, λL(0), estimated

from TF-µSR gives λL(0) = 386(3) nm, a superconducting carrier density ns = 2.9(1)×
1027 carriers m−3 and a carrier effective-mass enhancement factor m∗ = 1.53(1)me.

ZF-µSR data show no evidence for any spontaneous magnetic fields below TC, which

demonstrates that time-reversal symmetry is preserved in the superconducting state

of LaIr3.

Keywords. Superconducting gap structure; d-band superconductivity; Muon spin rotation

and relaxation spectroscopy
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1. Introduction

The search for unconventional superconductivity in 5d transition metal-based compounds is

one of the most fascinating and significant problems in condensed matter physics [1, 2, 3, 4].

Due to the presence of strong spin-orbit (SO) coupling effects, the 5d transition metal

compounds have been extensively studied to investigate the correlation between strong

SO coupling and unconventional superconductivity [5, 6]. Similar energy scales for the

comparatively weak electronic correlations (0.5 to 3 eV), crystal-field effects (1 to 5 eV) and

strong relativistic SO coupling effects (0.1 to 1 eV) provide an opportunity to investigate the

science emerging from competing orbital, spin, charge, and lattice degrees of freedom [7, 8].

For example, pressure-induced superconductivity in 1T-TaS2 [9], in noncentrosymmetric

CePt3Si [10], and in the geometrically frustrated pyrochlore oxides Cd2Re2O7 [11] and

KOs2O6 [12]. In iridium-containing compounds, superconductivity has been reported in

materials such as IrSe2, Cu1−xZnxIr2S4, CeIrSi3, ScIrP, LaIrP and LaIrAs, and in the ternary

ThCr2Si2-type compounds BaIr2P2 and SrIr2As2 [13, 14, 15, 16, 17, 18]. In the case of the

rare-earth Ir based superconductors, their electronic characteristics are anticipated to arise

principally from the rare-earths, rather than the Ir. Nevertheless, there are a few materials

such as CaIr2 [19], IrGe [20], and Mg10Ir19B16 [21], where the superconductivity emerges from

the Ir 5d states. Now, with the discovery of LaIr3, there is a simple La-Ir superconductor with

strong spin-orbit-coupling whose characteristics are controlled by the Ir 5d bands at the Fermi

surface.

Recently, Haldolaarachchige et al. [22] reported that LaIr3 shows superconductivity with a

TC between 2.45 and 3.3 K and µHc2(0) = 38.4 kOe, where the Fermi surface is governed

by the Ir 5d bands that are heavily influenced by spin-orbit coupling and there is no strong

contribution from the La-orbitals near EF. LaIr3 is, therefore, one of the few superconductors

where 5d bands play a principal role in the appearance of superconductivity. Furthermore, a

three-dimensional metallic character is seen from the band structure calculations; many bands

with large dispersion cross EF [22]. LaIr3 forms with a rhombohedral crystal structure with

the space group R3̄m (166, D5
3d). There are two crystallographically inequivalent La sites and

three Ir sites [22]. To examine the role the lanthanide elements and the spin-orbit coupling

effects arising from the Ir 5d bands play in determining the superconducting properties, the

study of other rhombohedral RIr3 materials (R is a lanthanide with 4f electrons) [23, 24]

will be important. In particular, compounds with partly filled 4f orbitals, such as Ce and

Pr, may exhibit magnetism and possibly superconductivity. Sato et al. [24] reported that

CeIr3 is a type-II superconductor with a TC = 3.4 K, which is the second highest TC amongst

the Ce-based compounds. The small value of the Sommerfield coefficient, 23 mJ K−2 mole−1,

indicates that CeIr3 is a weakly correlated electron system [24]. The band structure and Fermi

surface of LaIr3 with and without spin-orbit coupling differ significantly [22], which indicates

that spin-orbit coupling is expected to have a strong effect on the superconducting properties

of LaIr3. The role of spin-orbit coupling is further confirmed by the evidence that TC is lower

in the isostructural LaRh3 compound [25], where the spin-orbit coupling is negligible. LaIr3

is thus a rare example of a lanthanide superconductor with strong spin-orbit coupling arising

from the Ir-5d electrons.

In this paper, we examine the superconducting features of LaIr3 using susceptibility,

resistivity, heat capacity, and zero-field (ZF) and transverse-field (TF) muon spin relaxation

and rotation (µSR) measurements. The TF-µSR measurements suggest an isotropic s−wave
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Figure 1. (a) Crystal structure of rhombohedral LaIr3. The red spheres represent

La1 atoms, yellow spheres are La2 atoms, and the small grey spheres represent the Ir

atoms (Ir1, Ir2, and Ir3).(b) Susceptibility as a function of temperature of LaIr3 with

H = 10 Oe collected using ZFC and FC protocols. Inset of (b) shows the isothermal

field dependence of the magnetization at 2 K. (c) CP/T vs T in different applied

magnetic fields.

model can describe the superconducting ground state of LaIr3. The ZF-µSR data show no

evidence for internal magnetic fields below TC, implying time-reversal symmetry is preserved

for LaIr3.

2. Experimental Details

Polycrystalline samples of LaIr3 were prepared by arc melting the constituent elements using

a tri-arc furnace. The crystal structure was determined by powder X-ray diffraction utilizing

a Panalytical X-Pert Pro diffractometer. Energy dispersive X-ray spectroscopy (EDS) in an

FEI XL30 FEG-SEM system was used to investigate the stoichiometry (ratio of La:Ir) of the

sample, and revealed an average chemical composition of LaIr3.1, a composition with a slight

excess of Ir. Zero-field-cooled (ZFC) and field-cooled (FC) DC magnetic susceptibility mea-

surements were made using a Quantum Design (QD) Magnetic Property Measurement System,

superconducting quantum interference device magnetometer. Heat capacity was measured as

a function of temperature T down to 350 mK in applied magnetic fields H of up to 60 kOe

using a two-τ relaxation technique in a QD Physical Property Measurement System (PPMS)

with a He-3 insert. The measurements were carried out on a solid piece of a sample taken from

the arc-melted button. Resistivity measurements as a function of temperature at fixed applied

field and as a function of applied field at fixed temperature were made in a QD PPMS. The

sample was cut into an approximately rectangular bar. Silver wires were fixed to the sample in

a four-point geometry using DuPont 4929N silver paste. Measurements at higher temperature

(1.8 to 3 K) in fields up to 6 kOe were made using an AC technique with an excitation current

of 1 mA at a frequency of 113 Hz. Measurements at lower temperature (0.5 to 2 K) in fields

up to 12 kOe were made with a He-3 insert using a pseudo-AC method, with a 400 mA DC

current passed through the sample in both directions. The upper critical field was taken to

be at the midpoint of the transition from the normal into the superconducting state.

µSR measurements were performed using the MuSR spectrometer at the ISIS Neutron and
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Figure 2. (a) Resistivity versus temperature in applied magnetic fields of 0 to 12 kOe

in 2 kOe increments. (b) Upper critical field as a function of temperature, determined

from ρ vs T measurements. The solid red line shows a fit using the Ginzburg-Landau

(GL) model.

Muon Source, Rutherford Appleton Laboratory, United Kingdom. In the zero-field mode,

the 64 detectors were placed in a longitudinal configuration and in the transverse-field mode,

the spectrometer was rotated by 90◦. The arc-melted button of LaIr3 was ground to a fine

powder and mounted on a high purity (99.995%) silver plate using GE varnish. The sample

could be cooled to 100 mK using a dilution refrigerator. During the ZF measurements,

the magnetic field at the sample position was held at less than 10 mOe by an active

compensation system. The muon beam is deposited in the sample and the muons decay,

with the emitted positrons counted in detectors placed either forward or backward of the

initial muon spin direction. The time dependence of the asymmetry spectra were determined

using Gz(t) = [NF(t)− αNB(t)]/[NF(t) + αNB(t)], where NB(t) and NF(t) are the number of

positron counts and the constant α can be calculated from a calibration measurement made

in a transverse-field of 20 Oe. The ZF and TF-µSR data were analyzed using the WiMDA

software [26].

3. Results and Discussion

3.1. Crystal structures and magnetization

Powder x-ray diffraction data confirmed the rhombohedral structure of the LaIr3 sample with

the space group 166 (R3̄m) [22]. Fig. 1(a) shows the crystal structure of LaIr3. The unit cell

of LaIr3 contains two distinct La sites (La1 and La2) and three Ir sites (Ir1, Ir2, and Ir3).

The superconductivity in LaIr3 was confirmed by the ZFC and FC susceptibility χ(T ) data, as

shown in Fig. 1(b). The low-field χ(T ) data demonstrate a strong diamagnetic signal resulting

from the Meissner effect below TC = 2.5 K. The magnetization M(H) curve at 2 K shown in

the inset of Fig. 1(b) suggests type-II superconductivity. The lower critical field is found to

be around 35 Oe at 2 K.
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3.2. Resistivity

The temperature dependence of the electrical resistivity for LaIr3 between 50 mK and 3.0 K

in various applied magnetic fields is presented in Fig. 2(a). In zero field, the resistivity of

LaIr3 undergoes a superconducting transition at TC = 2.4 K. It is to be noted that the

resistivity in the normal state just above the transition temperature of our sample is higher

(by a factor of 5) than the value reported by Haldolaarachchige et al. [22]. This could be

due to micro-cracks in our sample. As expected, the superconducting transition becomes

broader and the TC shifts to lower temperature as the applied magnetic field is increased. The

resistivity data were used to extract the upper critical field Hc2. The Hc2(T ) data at higher

temperature and lower field can be fit using a standard Ginzburg–Landau (G-L) expression,

Hc2(T ) = Hc2(0) [(1 − t2)/[(1 + t2)], where t = T/TC giving Hc2(0) = 15.2(1) kOe. This is

lower than the value reported by Haldolaarachchige et al. [22]. Near TC, dHc2
dT = −6.6 kOe/K,

and using the Werthamer-Helfand-Hohenberg expression Hc2(0) = −0.693 TC
dHc2
dT

∣∣∣
T=TC

gave

an upper critical field, Hc2(0) = 10.9(1) kOe, which is also lower that the value obtained in

Ref. [22]. Both the values ofHc2(0) are also smaller than the weak-coupling Pauli-paramagnetic

limit HP = 18.3TC = 43.4 kOe for LaIr3.

3.3. Heat Capacity

Fig. 1(c) shows CP(T )/T in different applied magnetic fields. At 2.5 K, a clear anomaly is

detected in CP(T )/T (in zero-field) implying bulk superconductivity, in agreement with the

χ(T ) data. In contrast to Ref. [22], the studied LaIr3 sample show a very uniform transition

temperature as obtained from various measurements, designating that approx. 2.4-2.5 K is the

real bulk TC. A second transition is observed in the heat capacity at 1.2 K, which is reminiscent

of the second peak seen in the heat capacity of superconducting UPt3 [27]. Our TF-µSR studies

do not show any signature of the lower transition and additional studies are needed in order to

identify the origin of the second transition. There is no difference between the ZF-µSR data at

0.09 and 4 K, and this supports the view that the second transition is not due to a magnetic

impurity. In the presence of a 60 kOe field, the heat capacity jump is fully suppressed. The

electronic and lattice heat capacity coefficients, γ and β, respectively, were calculated from the

60 kOe data, which is much higher than the upper critical field, by fitting CP(T )/T = γ+βT 2,

giving a Sommerfeld constant γ = 15.3(1) mJ/(mol-K2), β = 0.56(1) mJ/(mol-K4). Using

this value of β (= nNA
12
5 π

4RΘ−3
D , where R = 8.314 J/mol-K), gives a Debye temperature

ΘD = 430(4) K. The estimated value of γ for LaIr3 is very similar to that observed in CaIr2

superconductor [19] and other Ir-based superconductors [17]. In the case of LaIr3, the low

value of the Sommerfeld constant may be due to the lack of f -orbitals near the Fermi surface.

Using the value of heat capacity jump at 2.5 K, the dimensionless parameter ∆CP/γTC ∼ 1

which is lower than the 1.43 expected in the BCS weak-coupling limit.

3.4. Superconducting gap structures

Figs. 3(a) and 3(b) present the time dependence of the TF-µSR asymmetry spectra around

TC while Fig. 3(c) shows the corresponding maximum entropy plots. The maximum-entropy

(ME) method used to analyse the TF-µSR data is based on the Burg algorithm [28, 29] which

draws on auto-regression prediction techniques. In contrast to Fourier transforms (FT), ME

is useful for data collected over short-time windows and for noisy data, and does not suffer

from truncation consequences, like FT sine wiggles. It provides a simultaneous interpretation
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(c)
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Internal Field (Oe)

Figure 3. TF-µSR spin precession signals of LaIr3 taken at H = 300 Oe. Time

dependence asymmetry spectra (a) at 4.0 K, above TC and (b) at 0.1 K, below TC.

The solid red lines indicate the fits to the data using Eq. 1. (c) Maximum entropy

spectra (above and below TC). Inset of Fig. 3(c) shows the part of field distribution

originating from the vortex state. (d) Temperature dependence of the depolarization

rate σsc(T ) where the solid line and dotted line are fits to the data employing an

isotropic s-wave model and a d-wave model with line nodes, respectively, using Eq. 2.

Inset of (d) shows the variation of the internal field with temperature.

of the asymmetry spectra from various detectors with distinct phases to produce a single

frequency spectrum. At T ≥ TC, the muon depolarization is due to static nuclear moments

and the resulting field distribution is centred near the applied field H. At T ≤ TC, the

muon depolarization has a reasonable damping and the field distribution has two components,

the first one close to the applied field H and the second shifted to a lower field value. The

inset of Fig. 3(c) shows the portion of the field distribution arising from the vortex lattice.

In order to investigate the superconducting order parameters and the pairing mechanism of

LaIr3 compound, we have carefully examined the TF-µSR data. Below TC, the TF asymmetry

spectra which decay due to the superconducting vortex state, could be fit by an oscillatory

decaying function [31, 32, 33, 34, 35],

Gz1(t) = A1 cos(ω1t+ Φ) exp

(−σ2t2

2

)
+A2 cos(ω2t+ Φ), (1)

where A1 and A2 are the transverse field asymmetries, and ω1 and ω2 are the frequencies that

emerge from the LaIr3 sample and background silver holder respectively. Φ is the initial phase

and σ is the total depolarization rate. The superconducting contribution σsc is calculated

from σsc =
√
σ2 − σ2

n, where σn is the nuclear contribution which was obtained from the value

of σ above TC. The fitting to the lowest temperature TF data yields A1 ∼ 25% and A2 ∼
75%. In the TF-µSR fits shown in Fig. 3(d), A2 is fixed and A1 is allowed to vary. The inset

of Fig. 3(d) exhibits the onset of superconductivity below TC which is marked by a drop in

the internal field. The temperature dependence of the magnetic penetration depth can be

modelled using [30, 31, 34]

σsc(T )

σsc(0)
=
λ−2(T,∆0)

λ−2(0,∆0)

= 1 +
1

π

∫ 2π

0

∫ ∞
∆(T )

(
δf

δE
)× EdEdφ√

E2 −∆(T,∆)2
, (2)
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Figure 4. (Color online) (a) Time dependence of zero-field asymmetry spectra for

LaIr3 collected at 0.09 K (circles) and 4.0 K (squares). The lines are least squares fits

to the ZF data made using Eqs. (4) and (5). (b) Longitudinal field asymmetry spectra

taken at 0.1 K in the presence of various applied field H.

where f = [1 + exp(−E/kBT )]−1 is the Fermi function, φ is the angle along the Fermi

surface, and ∆(T, 0) = ∆0δ(T/T)g(φ). The superconducting gap was approximated using

δ(T/TC) = tanh[1.82(TC/T − 1)]0.51 where g(φ) gives the angular dependence of gap and φ

is the polar angle for the anisotropy. g(φ) is replaced with (a) 1 for an isotropic s-wave

gap and (b) | cos(2φ)| for a nodal d-wave gap [36, 37]. For LaIr3, the λ−2(T ) data can be

modelled satisfactorily by employing an isotropic s-wave gap with a value of 0.35(1) meV.

The gap to TC ratio is found to be 2∆(0)/kBTC = 3.31(1), which lower than the value 3.56

expected from BCS theory. This suggests weak-coupling superconductivity in the case of LaIr3

which is in agreement with the heat capacity data. TF-µSR measurements of Mg10Ir19B16

reveal spin-singlet s-wave pairing, even though the lack of inversion symmetry and large SO

coupling of Mg10Ir19B16 should produce a mixed pairing state, likely with a large spin-triplet

contribution [38]. TF-µSR data on La7Ir3 compound also reveal a gap with an isotropic s-wave

pairing symmetry [39].

The muon depolarization rate below TC is linked to the magnetic penetration depth, λ.

In case of a triangular [40, 41, 42] lattice σ2
sc
γ2µ

=
0.00371×φ20

λ4
, where φ0 = 2.07 × 10−15 Tm2,

is the flux quantum number and γµ/2π = 135.5 MHz T−1, is the muon gyromagnetic ratio.

From the s-wave fit, we estimate that the magnetic penetration depth λ(0) = 386(3) nm.

London’s theory [40] gives the relation between λ (= λL) and other microscopic parameters
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such as λ2
L = m∗c2

4πnse2
, where m∗ = (1 + λe−ph)me is the effective mass and ns is the density

of superconducting carriers, and hence one can calculate m∗ and ns. The electron-phonon

coupling constant λe−ph can be calculated using the Debye temperature, ΘD, and TC using

McMillan’s relation which is also valid in the weak-coupling limit [43, 44].

λe−ph =
1.04 + µ∗ ln(ΘD/1.45TC)

(1− 0.62µ∗) ln(ΘD/1.45TC)− 1.04
, (3)

where µ∗ is the Coulomb pseudo-potential. McMillan states [43] that µ∗ = 0.1 is confirmed

for the nearly-free electrons metals such as zinc, and µ∗ = 0.15 is reasonable for most of the

intermetallic superconductors [44, 45, 46, 47]. Furthermore, P. B. Allen [44] has stated that

for conventional metals µ∗ ≤ 0.2. Using µ∗ = 0.15 [22], we find λe−ph = 0.53. Using the

estimated value of λe−ph and λL(0), the superconducting carrier density is estimated to be

ns = 2.9(1)× 1027 carriers m−3 and the effective-mass enhancement m∗ = 1.53me for LaIr3.

3.5. Zero-field muon spin relaxation

Fig. 4(a) shows the time dependence of ZF asymmetry spectra from LaIr3 at T ≥ TC

and T ≤ TC. At T ≤ TC, there is no change of muon asymmetry spectra compared to

the spectra collected at T ≥ TC, which suggests that time-reversal symmetry is preserved

in LaIr3. The ZF data for LaIr3 can be modelled using the damped Kubo-Toyabe (KT)

function [48, 49, 50, 51],

Gz2(t) = A0GKT(t)e−λt +Abg, (4)

where

GKT(t) =

[
1

3
+

2

3
(1− σ2

KTt
2)e

−σ2
KT

t2

2

]
(5)

the Kubo-Toyabe function, models the change in asymmetry arising from static nuclear

moments and λ, A0, and Abg are the electronic relaxation rate, initial sample asymmetry,

and background asymmetry, respectively. The fits to the ZF data using Eqs. 4 and 5 give

σKT = 0.041(5) µs−1 and λ = 0.018(3)µs−1 at 0.09 K and σKT = 0.041(1)µs−1 and λ =

0.013(2)µs−1 at 4 K, while the fit parameters A0 and Abg are found to be temperature

independent. Furthermore, the ZF-µSR spectra measured in longitudinal fields of 25 and

50 Oe at 0.1 K (Fig. 4(b)) revealed the decoupling of the muon spins from the static nuclear

fields at the muon stopping sites.

Our ZF-µSR measurements indicate time-reversal symmetry is preserved in LaIr3. A

similar result is found in the Ir-based superconductor In Mg10Ir19B16 [38], while in the case

of La7Ir3, ZF-µSR data confirm that the superconducting ground state breaks time-reversal

symmetry [39].

4. Summary

In summary, we have examined the superconducting gap structure and pairing symmetry of

LaIr3 using TF and ZF-µSR measurements. Bulk type-II superconductivity is observed in the

susceptibility measurements with TC = 2.5(1) K. Similar to UPt3, two transitions are seen in

the heat capacity data and the origin of the lower temperature feature remains unclear at this

time. Transverse field-µSR measurements reveal a fully gapped s-wave type superconductivity
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with the gap to TC ratio, 2∆(0)/kBTC = 3.31, compared to 3.56 (BCS value) suggesting weak-

coupling superconductivity. Our ZF-µSR data do not reveal any sign of internal fields below

TC, which indicates that time reversal symmetry is preserved in LaIr3. The results underline

the need for further research into the properties of Ir-based intermetallic superconductors

and especially those that have a noncentrosymmetric structure, where strong antisymmetric

spin-orbit coupling could lead to unconventional superconductivity, perhaps with a mixed spin

singlet-triplet pairing.
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