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Muon spin rotation (μSR) and inelastic x-ray scattering were used to investigate the superconducting prop-
erties of the filled-skutterudite compound LaRu4As12. A two-gap isotropic (s + s)-wave model can explain the
temperature dependence of the superfluid density. Zero-field μSR measurements confirm that the time-reversal
symmetry does not break upon entering the superconducting state. The measurements of lattice dynamics at 2,
20, and 300 K revealed temperature dependences of the phonon modes that do not strictly follow a hardening
of phonon frequencies upon cooling as expected within the quasiharmonic picture. The 20 K data rather mark
a turning point for the majority of the phonon frequencies. Indeed, a hardening is observed approaching 20 K
from above, while for a few branches a weak softening is visible upon further cooling to 2 K. The observed
dispersion relations of phonon modes throughout the Brillouin zone matches with the density functional theory
prediction quite closely. Our results point out that cubic LaRu4As12 is a good reference material for studying
multiband superconductivity, including those with lower crystallographic symmetries such as iron arsenide–
based superconductors.

DOI: 10.1103/PhysRevB.106.134516

I. INTRODUCTION

Materials scientists and physicists have been intrigued by
properties of the ternary transition metal pnictides (Pn) with
the chemical formula MT 4Pn12 (M = alkali metal, alkaline-
earth metal, lanthanide, or light actinide element; T = Fe,
Ru, or Os; Pn = P, As, or Sb), which crystallize in the
filled skutterudite structure with space group Im3̄ (No. 204)
[1]. Examples include excellent thermoelectric performance
[2,3] and strongly correlated electron phenomena such as un-
conventional superconductivity [4–6], quadrupolar ordering
[7–11], non-Fermi-liquid behavior [12], hybridization gap or
Kondo phenomena [12–17], and unusual metal-insulator tran-
sitions [18]. From various factors that give rise to a plethora
of unusal physical properties of MT 4Pn12, the hybridization
of localized f -electron states with conduction electron states
is of prime importance. It was shown for MRu4As12 that the
subtle interplay of the Ru4As12 sublattice with the M cation
results in multiband superconductivity, non-Fermi-liquid be-
havior, and conventional superconductivity, and low-lying
ferromagnetic order for La [19], Ce [20], Pr [21], and Nd
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[22]. It is worth emphasizing that due to their cubic structure,
MT 4Pn12 compounds are unique in that they can be used to
study multiband effects [23–25]. This opens an opportunity to
compare and contrast multiband effects in the superconduc-
tivity of anisotropic materials, such as iron pnictides [26,27],
heavy-fermion compounds [23,28–30], and topological insu-
lators [31,32].

Most of the La-filled skutterudites exhibit BCS-type super-
conductivity with the superconducting critical temperature Tc

ranging from 0.4 to 10.4 K [24,25]. Among all completely
filled compounds LaT4Pn12, LaRu4As12 shows the highest
transition temperature accompanied by the highest upper crit-
ical field Hc2(0) [33]. These parameters are substantially
enhanced compared to the sister compounds LaOs4As12 [34]
and PrRu4As12 [35], with Tc = 3.2 and 2.3 K, respectively.
This enhancement is even more intriguing if one takes into
account that LaRu4As12 does not show any distinct differ-
ences in both the conduction electron density of states at the
Fermi level and the vibrational properties [36,37]. Another re-
markable feature of LaRu4As12 is that it has several arguments
for multiband superconductivity [1–5,33,36]. Specifically, the
temperature dependence of the lower critical field Hc1 displays
a sharp anomaly deep in the superconducting state, indica-
tive of a rarely observed case of almost decoupled bands
[33]. Furthermore, a very recent observation of suppression
of anharmonic phonons by artificial nonmagnetic defects is in
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line with multiband superconductivity in the filled skutteru-
dite LaRu4As12 [38]. Considering all of these factors, we are
compelled to investigate this compound further.

In this work, we investigate LaRu4As12 utilizing muon
spin rotation and relaxation (μSR), as well as inelastic x-
ray scattering (IXS) measurements. μSR is a microscopic
and very sensitive technique and provides direct information
about the gap symmetry from the temperature dependence of
superfluid density measured using transverse field (TF) μSR.
Further, zero-field (ZF) μSR is very sensitive and can detect
a very small local magnetic field inside the (type II) super-
conducting state and hence can provide direct information
on the broken time-reversal symmetry. Inelastic x-ray scat-
tering provides direct information about phonon dispersion,
and hence, it is very important to investigate the change in
the phonon dispersion above and below the superconducting
transition in LaRu4As12. These measurements are important
for understanding the mechanism of the superconductivity
in LaRu4As12. Using TF-μSR measurements, we show clear
evidence of multiband superconductivity in LaRu4As12. As a
result, in addition to Fe-based and cuprate superconductors,
LaRu4As12 could be a unique multiband superconductor [19].
The preservation of time-reversal symmetry is revealed by
studying ZF-μSR. The observed phonon dispersion, using
IXS, shows good agreement with the density functional theory
(DFT)-calculated phonon dispersion.

II. EXPERIMENTAL DETAILS

Single crystals of LaRu4As12 were grown by mineraliza-
tion in a molten Cd:As flux using a procedure previously
reported [39]. The low-temperature electrical resistivity of
a LaRu4As12 single crystal was investigated by a conven-
tional four-point ac technique using a 4He cryostat (physical
property measurement system). Magnetic measurements for a
collection of LaRu4As12 single crystals were performed down
to 1.8 K at μ0H = 3 mT utilizing a superconducting quantum
interference device magnetometer (magnetic property mea-
suring system). The MUSR spectrometer at the ISIS Pulsed
Neutron and Muon Source, Rutherford Appleton Laboratory,
United Kingdom, was used to measure the muon spin rotation
and relaxation of LaRu4As12.

The powder sample (1 g) of LaRu4As12 obtained from
very small single crystals was mounted on a silver holder
using diluted GE varnish (99.999%). This was placed on the
dilution refrigerator’s cold finger. Zero-field and transverse
field measurements were taken at temperatures ranging from
0.31 to 13.0 K. For ZF measurements, an active correction
coil was employed to cancel any stray magnetic fields in the
sample space to a level of 10−4 mT. The ZF-μSR measure-
ment assists us in identifying the spontaneous internal field
associated with time-reversal symmetry breaking [40]. The
TF-μSR measurements were carried out in the presence of a
40 mT external magnetic field, which is higher than the lower
critical field (μ0Hc1 = 1.3 mT) and significantly lower than
the upper critical field (μ0Hc2 = 10.3 T) of LaRu4As12 [48].
To avoid any flux trapping effects, we applied the transverse
field at temperature much higher than Tc and subsequently
cooled the sample down to base temperature. The WIMDA

software was used to evaluate the experimental data [41].

High-resolution IXS experiments were carried out at the
beamline BL35XU of the SPring-8 synchrotron radiation
facility in Harima, Japan [42]. Si(11 11 11) backscattering op-
tics with 21.747 keV photon energy was chosen for the present
work, resulting in an energy resolution of 1.5 meV. The Q
resolution was set to (0.06 0.06 0.06) in reciprocal lattice units
along the [1 0 0] and [1 1 0] directions. Constant Q scans were
carried out in an extended range of reciprocal space at temper-
atures of 2, 20, and 300 K. A few supplementary scans were
performed at 6 and 14 K, i.e., below and above Tc. The sample
temperature was controlled by a helium closed-cycle refrig-
erator. The quality of the single-crystal sample was checked
by measuring the rocking curve widths on a series of Bragg
reflections along with high-symmetry directions, say, [100],
[110], and [001]. These widths are less than 0.1◦ and close
to the resolution limit of the BL35XU spectrometer, ∼0.02◦.
Phonon properties of LaRu4As12 were modeled by DFT-based
lattice dynamics calculations. The first-principles calculations
were performed with the Vienna Ab initio Simulation Package
(VASP) utilizing projector augmented wave potentials and the
generalized gradient approximation of Perdew, Burke, and
Ernzerhof (GGA-PBE) for the exchange-correlation terms
[43–45]. The electronic minimization and the subsequent cal-
culation of Hellmann-Feynman (HF) forces, were carried out
with a 2 × 2 × 2 supercell and a Monkhorst-Pack k mesh
of 4 × 4 × 4 [46]. The first-order Methfessel-Paxton method
with σ = 0.1 for the band occupancies was applied, and
forces were relaxed to 10−7. The relaxed structure resulted
in a lattice parameter of a = 8.6074 Å and fractional coordi-
nates of y = 0.3497 and z = 0.1507 for the As position. The
dynamical matrix and thus the phonon eigenvectors and eigen-
states were derived from the HF forces using the direct method
implemented in the software package PHONON [47]. The HF
forces were computed for symmetry nonequivalent displace-
ments of 0.03 Å in the high-symmetry directions of the atoms.
For the estimation of phonon intensities, the eigenvectors were
scaled by the atom-specific squared electron number Z2 and
an averaged electronic form factor. Within the dynamic range
given by the experimental setup, the highest phonon inten-
sities were derived for Q numbers around the (600) Bragg
reflection and the high-symmetry directions [600] → [611]
and [600] → [700] → [6.5.5.5].

III. RESULTS AND DISCUSSION

A. Structure and physical properties

LaRu4As12 has a bcc structure with space group Im3̄ (No.
204) which crystallizes in the CoAs3-type skutterudite struc-
ture packed with La atoms. Figure 1(a) shows the structure,
with green atoms for La, yellow for Ru, and red for As.
The electropositive element La, which lacks fourfold rota-
tional symmetry, is at the center of the large icosahedron
cage formed by As atoms. Ru, a transition metal ion, creates
a primitive cubic sublattice between the cages. The atomic
positions are (0, 0, 0) for one La atom in the crystallographic
position 2a, (1/4, 1/4, 1/4) for four Ru atoms in 8c, and (0, y,
z) for 12 As atoms in 24g, with y = 0.3499 and z = 0.1502.
Figure 1(b) displays the temperature variation of the resistivity
in the zero applied magnetic field at the low-temperature limit.
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FIG. 1. Top: The bcc structure of the filled skutterudite
LaRu4As12 with space group Im3̄. Bottom: The low-temperature
electrical resistivity of LaRu4As12 showing a sharp superconducting
transition at 10.4 K. Inset: Zero-field-cooled (ZFC) and field-cooled
(FC) magnetization in the presence of 3 mT applied field as a func-
tion of temperature for a collection of LaRu4As12 single crystals.

The drop of the electrical resistivity reveals superconductivity
at Tc = 10.4 K. The low residual resistivity data revealed
the good quality of the sample. The superconducting vol-
ume fraction in the LaRu4As12 sample was calculated using
magnetization measurements. The inset of Fig. 1(b) shows
the magnetization data for both zero-field-cooled (ZFC) and
field-cooled (FC) measurements. In the ZFC measurement,
full diamagnetic shielding is observed below Tc = 10.4 K.

B. Superconducting gap structure: TF-μSR

To further understand the multiband nature of super-
conductivity as suggested by earlier experimental [48] and
theoretical [36] studies, we performed TF-μSR measurements
in LaRu4As12. The TF-μSR muon spin precession signals
collected at T = 12.5 and 0.31 K in μ0H = 40 mT are shown
in Figs. 2(a) and 2(b). Due to the flux line lattice state, which
causes spatial inhomogeneity of the magnetic field distribu-
tion below Tc, the data in Figs. 2(a) and 2(b) indicate a distinct
contrast in the relaxation rate above and below Tc. The max-
imum entropy plots in Figs. 2(c) and 2(d) show one peak at
12.5 K at the applied field. An extra peak at 0.31 K is observed
on the lower side of the applied field in addition to the peak at

FIG. 2. (a) and (b) The asymmetry spectra of the TF-μSR data
in the short-time region, obtained in a 40 mT applied magnetic field
at T = 12.5 K (i.e., above Tc) and T = 0.31 K (i.e., below Tc),
respectively. (c) and (d) The maximum entropy plots at T = 12.5 K
and T = 0.31 K, respectively. A zoomed-in section of the low-field
region is shown in the inset.

40 mT, confirming type-II superconductivity in this sample.
Using straight Fourier transformation to extract frequency
spectra from transverse μSR data is not practicable since at
long times the data are noisy since the count rate is low due
to the shortness of the muon lifetime. On the other hand, the
maximum entropy method overcomes this problem and allows
simultaneous analysis of spectra from multiple detectors with
different phases to yield a single frequency spectrum [49]. The
inset in Fig. 2(d) shows a zoomed-in section of the low-field
region of the maximum entropy plot, which reveals a broad
peak near 30 mT associated with the vortex lattice formation.

Due to the single peak of the internal field in the supercon-
ducting state, we fitted the data using a Gaussian function with
one component. To illustrate the characteristics of the vortex
state, we fitted the data using the expression [50–53]

ATF(t ) = A0 cos(γμH0t + �) exp

(
− σ 2t2

2

)

+ Abg cos(γμHbgt + �), (1)

where the first component is the sample contribution and
the second is the background contribution. The initial asym-
metries of the sample and silver holder contributions are
described by A0 and Abg, respectively, where Abg does not un-
dergo any depolarization; the internal fields of the sample and
sample holder are described by H0 and Hbg, respectively. The
muon gyromagnetic ratio is γμ/2π = 135.53 MHz/T; σ is the
Gaussian muon spin relaxation rate, and � is the initial phase
of the signal at the detectors. The values of A0 = 0.66(1)
and Abg = 0.34(1) were estimated by fitting 0.31 K data, and
were kept fixed during the analysis of other temperature data.
The superconducting depolarization rate can be determined by
subtracting the nuclear contribution: σsc = √

σ 2 − σ 2
n , where

σn = 0.047 μs−1 is the normal state contribution, which is
temperature independent, as is evident in spectra above Tc.
Since σsc is connected to the magnetic penetration depth λ by
σsc ≈ 1/λ2 for a triangular lattice [40,54], the temperature
variation of σsc(T ) can be used to measure the nature of the

134516-3



A. BHATTACHARYYA et al. PHYSICAL REVIEW B 106, 134516 (2022)

superconducting gap. Then, using the functional form given
below, single- and two-gap s-wave models are fitted to the
data:

σsc(T )

σsc(0)
= λ−2(T )

λ−2(0)

= w
λ−2(T,�0,1)

λ−2(0,�0,1)
+ (1 − w)

λ−2(T,�0,2)

λ−2(0,�0,2)
, (2)

where λ(0) is the value of the penetration depth at T = 0 K,
�0,i is the value of the ith (i = 1 or 2) superconducting gap
at T = 0 K, and w is the weighting factor of the first gap.
Each term in Eq. (2) is evaluated using the standard expression
within the local London approximation (λ � ξ ) [55] as

σsc(T )

σsc(0)
= λ−2(T,�0,i )

λ−2(0,�0,i )

= 1 + 1

π

∫ 2π

0

∫ ∞

�(T,φ)

(
∂ f

∂E

)
EdEdφ√

E2 − �2
i (T, φ)

, (3)

where f = [1 + exp(E/kBT )]−1 is the Fermi function and the
temperature and angle-dependent gap function are expected
to follow the relationship �i(T, φ) = �0,iδ(T/TC)g(φ). Here
�0,i denotes the maximum gap value at zero temperature,
and g(φ) is the angular dependence of the gap; g(φ) = 1
for an isotropic s-wave model and for (s + s)-wave gaps.
Here φ is the azimuthal angle. The temperature dependence
of the superconducting gap symmetry is expected to follow,
δ(T/TC) = tanh{1.82[1.018(TC/T − 1)]0.51} [56,57]. At any
coupling strength, this gap function is accurate enough to
explain the temperature dependency.

The symmetry of the superconducting gap was determined
by fitting the data of λ−2(T ) or σsc(T ) using (a) a single-gap
s-wave model and (b) a multigap (s + s)-wave gap model, as
presented in Fig. 3(a). Because it produces a high χ2 goodness
of fit value [here χ2 = ∑

(σobs − σcal )2/σ 2
error (M − N ), the

total number of data points is M, and the number of free pa-
rameters is N], the typical BCS single gap cannot characterize
the λ−2(T ) data. A recent study of LaRu4As12 by Juraszek
et al. [48] confirmed that the lower critical field behavior is
well suited to multiband isotropic s-wave superconductivity.
The multiband character of LaRu4As12 is further strengthened
by the two-gap model employing the isotropic s + s wave
with χ2 = 1.3, compared to χ2 = 3.1 for a single-gap s-wave
fit. The estimated larger gap is 2�1(0)/kBTC = 3.73 ± 0.2
in the (s + s)-wave model, which is close to the value of
3.53 derived from BCS theory, and the estimated smaller gap
is 2�2(0)/kBTC = 0.144 ± 0.01 in the (s + s)-wave model.
The smaller value of the second gap is observed in many
Fe-based superconductors; for example, for RbCa2Fe4As4F2,
2�1/kBTC = 6.48 and, 2�2/kBTC = 0.7 (TC = 29.2 K; see
Table I of Ref. [51]). The different size of the gaps arises
from the Fermi surface topology. Multigap features are com-
mon in iron-based superconductors, e.g., Ba1−xKxFe2As2

[58,59], cuprate superconductors [60], and also in Bi4O4S3

[61]. We calculated the values of the London penetration
depth λL(0) = 240(4) nm for the (s + s)-wave fit, carrier den-
sity ns = 8.6(3) × 1027 carriers m−3, and effective mass of
the quasiparticle m∗ = 1.749(2)me for LaRu4As12 using the

FIG. 3. (a) The temperature dependence of σsc(T ) data with fits
to various gap models. The red line shows the fit to the two-gap (s +
s)-wave model, while the blue line shows the fit to the single-gap
isotropic s-wave model. (b) Temperature variations in the internal
field confirm the appearance of the Meissner state.

method described in Refs. [62–64]. As shown in Fig. 3(b),
the internal field of the flux line lattice is temperature depen-
dent and decreases with decreasing temperature, as in other
superconductors, indicating a diamagnetic shift. Because of
the formation of a flux line lattice in the superconducting state,
the total internal field inside the sample is reduced.

C. Time-reversal symmetry: ZF-μSR

Here we present our ZF-μSR results for detecting the spon-
taneous internal field associated with time-reversal symmetry
breaking in the superconducting state. As shown in Fig. 4, we
measured the time evolution of ZF asymmetry spectra in both
the normal and superconducting states. The ZF-μSR spectra
were fitted using a combination of Lorentzian and Gaussian
Kubo-Toyabe relaxation functions [52,65]:

AZF(t ) = A2GKT(t )e−λZFt + Abg, (4)

where

GKT(t ) =
[

1

3
+ 2

3

(
1 − σ 2

KTt2) exp

(
−σ 2

KTt2

2

)]
(5)

TABLE I. Fitted parameters obtained from the fit to the σsc(T )
data of LaRu4As12 using different gap models.

Model �i(0) (meV) 2�i(0)/kBTC w χ 2

s wave 1.59 3.57 1 3.1
s + s wave 1.656, 0.064 3.73, 0.144 0.87 1.3
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FIG. 4. The ZF-μSR spectra for LaRu4As12 at 0.31 K (black)
and 12.5 K (blue). As stated in the text, the solid line fits the data.

is the Gaussian Kubo-Toyabe function and the sample and sil-
ver holder asymmetry contributions are represented by A2 and
Abg, respectively. As shown in Fig. 4, both asymmetry spectra
fall on top of each other, indicating that there is no change in
relaxation rate in the superconducting state compared to the
normal state. This denotes the lack of a spontaneous internal
field. As a result, time-reversal symmetry is preserved in the
superconducting state. Furthermore, the fits to the ZF data
yield σKT = 0.11(1) μs−1 and λμ = 0.010(2) μs−1 at 0.31 K
and σKT = 0.105(3) μs−1 and λμ = 0.011(2) μs−1 at 12.5 K.

D. Inelastic x-ray scattering

As outlined above, we have investigated the lattice dynam-
ics of the multiband superconductor LaRu4As12 (Tc = 10.3 K)
by IXS at 300, 20, and 2 K. All spectra recorded at those T
are reported in Figs. 1–7 of the Supplemental Material [66].
For the highest intensities, the measurements were focused
near the (6, 0, 0) Bragg position by performing longitudinal
and transverse scans. Figure 5 shows some selected spec-
tra recorded along high-symmetry directions at the sampled
temperatures of 300, 20, and 2 K. It can be seen that the
overall behavior of the compound is rather harmonic. No
strong phonon renormalization can be identified over the en-
tire explored temperature range. This applies not only to the
high-symmetry directions shown in Fig. 5 but also to any other
direction examined.

All spectra were fitted after the temperature correction with
the Bose occupation number. Experimentally determined res-
olution functions were convoluted with the fitted model. The
model was formed from a set of standard Lorentzian functions
whose number was adjusted to the number of peaks identified.
To compare data recorded at the three different temperatures
the final fits were carried out only to the Stokes line data.
However, we confirmed that both side fits of the spectra at

FIG. 5. Selected spectra of LaRu4As12 recorded along high-
symmetry directions at the three different T indicated in the plots.
Lines with data correspond to standard Lorentzians fitted to the data
(300 K in the left panel and 20 K in the right panel). Filled areas
highlight the total fit functions.

300 K resulted in very similar parameters. Differences might
be attributed to the strong elastic line in the prior data treat-
ment, which has been suppressed in the final fits.

Figure 6 reports all derived phonon energies along high-
symmetry directions compared with our DFT computed
dispersion relation and the total and partial phonon densities
of states Z (ω). Note that for the best match, the energy scale
of the DFT data has been scaled up by 7%. This underesti-
mation of eigenfrequencies and overestimation of structural
dimensions is a well-known feature of the GGA-PBE and was
reported before [37,67]. The size of the energy symbols re-
flects the measured peak intensities on a logarithmic scale, and
the peak widths are indicated by error bars. Vertical arrows
indicate the Q points at which the spectra shown in Fig. 5
have been recorded.

Improving the statistical significance of the spectra was
necessary to derive a conclusion on the temperature depen-
dence of the phonon modes. S(Q, ω) spectra from different
analyzers recorded at a fixed setup were corrected for zero
shift of the elastic line and merged to a generalized S(ω)
signal. An example of the resulting data is presented in Fig. 7.
All spectra have been fitted with standard Lorentzians ac-
counting for the resolution function by convolution as well as
the Bose thermal occupation. Figure 8 reports the frequencies
derived from those fits. Different temperatures monitored in a
single setup are indicated by different colors. Open symbols
indicate less reliable frequencies which are strongly biased by
the presence of the elastic line, on the one hand, and a strong
localized mode, on the other.

Frequencies for which a switchover from hardening (going
from 300 to 20 K) to softening upon cooling below TC (going
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FIG. 6. Left: Total and partial phonon densities of states of LaRu4As12 computed with DFT and normalized to 51 phonon modes in the
total signal. Right: Phonon energies derived from the Lorentzian fits. Symbol sizes correspond to the logarithm of the peak intensities, and
error bars indicate the FWHM of the peaks. Dotted lines with the data report the DFT-computed phonon dispersion relation. The blue shaded
signal indicates the DFT-computed phonon intensities. The energy scale of both Z (ω) and the phonon dispersion has been scaled up by 7% for
a better match with the experimental data.

from 20 to 2 K) is observed are highlighted by the dashed
black boxes in Fig. 8. Some other frequencies showing a soft-
ening already below 300 K are framed by dotted red boxes.
The mode hardening between 300 and 20 K can be associated
with the lattice contraction and is understandable within the
theory of quasiharmonic crystals. Clearly, the mode softening
below TC does not follow this classical quasiharmonic con-

FIG. 7. Generalized spectra S(ω) at T = 2, 20, and 300 K from
top to bottom. Left and right: Data are from scans for the high-
symmetry midpoint and the end-point scan in the direction H → P,
respectively. Lines with data correspond to standard Lorentzians
fitted to the data. The gray shaded area highlights the fitted total
signal.

cept. It rather points at a weak electron-phonon coupling effect
when entering the superconducting state below 10.5 K. This
observation is supported by the theoretically calculated Tc =
11.56 K based on the electron-phonon coupling compared to
the measured Tc = 10.45 K for LaRu4As12 [67].

Note that the significance of the conclusion upon the de-
tectability of the electron-phonon coupling in the present IXS

FIG. 8. Temperature dependence of peak energies derived
through Lorentzian fits to the generalized S(ω) spectra. Different
T are indicated by the different colors: blue, 2 K; green, 20 K;
red, 300 K. Letter labels indicate the different setups applied: A,
� → N, 600 → 6.5.5; B, � → N , 6.5.5 → 611; C, � → H , 600 →
6.500; D, � → H , 6.500 → 700; E, H → P, 6.5.5.5; F, H → P,
6.75.25.25. Results for E and F are highlighted in Fig. 7, and those
for all other orientations are in Fig. 8 of the Supplemental Material
[66]. Boxes framed by dashed black lines highlight frequencies at
which a turnover from mode hardening to softening upon cooling
is particularly obvious. Boxes framed by dotted red lines indicate
frequencies at which a softening is observed below 300 K not in line
with a standard quasiharmonic response. See text for details. The
symbol size approximates a diameter of 1 meV. The correspond-
ing reliability parameters of the fits are reported in Table I of the
Supplemental Material [66]. They are of the order of 0.1 meV.
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data is qualified by the statistics of the results. Further experi-
ments are required to understand whether specific vibrational
eigenmodes are particularly involved in the electron-phonon
interaction. The participation of specific eigenmodes would
result in a characteristic directional dependence of the phonon
response and should be studied in future experiments.

IV. CONCLUSION

In conclusion, we have determined the superconducting
state of LaRu4As12 using TF-μSR, and its lattice dynamics
has been studied by inelastic x-ray scattering. The temperature
dependence of the magnetic penetration depth was found to be
consistent with a two-gap (s + s)-wave model of multiband
superconductivity. The larger gap to Tc ratio calculated within
the (s + s)-wave scenario, 2�1(0)/kBTc = 3.73 ± 0.2, is very
close to the value of 3.53 for an ordinary BCS superconductor.
The ZF-μSR spectra at 0.31 and 12.5 K resemble each other
very closely, indicating that the time-reversal symmetry is
preserved in the superconducting state of LaRu4As12. Fur-
thermore, IXS analyses of the Brillouin region reveal phonon
modes between 300 and 20 K that show a weak tempera-
ture dependence which can be understood as an effect of the
crystal’s volume changes. In comparison to those at 20 K,
many of the 2 K modes show a weak softening of the phonon
frequencies, indicating that the electron-phonon interactions

driving the superconductivity of LaRu4As12 exert a visible
effect on the vibrational eigenstates. This observation is also
in agreement with the theoretically calculated Tc = 11.56 K
based on the electron-phonon coupling compared to the mea-
sured Tc = 10.45 K [67]. From a broader perspective our
findings should be relevant for a wider class of multiband
superconductors, including those with lower crystallographic
symmetries such as iron arsenide superconductors.
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