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We investigated low-temperature specific heat of the filled skutterudite compound LaOs4As12 with a transition
temperature Tc = 3.2 K. A moderate size of a specific-heat jump points at a weak electron–phonon coupling in
this material. At T < Tc, the electronic contribution to the specific heat was found to be at variance with the
predictions for an s-wave superconductor with one energy gap. Additionally, we observed an upward curvature of
the upper critical field near the transition temperature. Both features provide some indications towards multiband
superconductivity, although anisotropy effects as a viable cause of the observed anomalies in LaOs4As12 cannot be
excluded. Similarities to a probable two-band superconductor LaRu4As12 are discussed.
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1. Introduction

Shortly after the first announcement of the BCS the-
ory of superconductivity [1] it was pointed out that sub-
stantial interband scattering can give rise to two-band
superconductivity (TBSC) [2, 3]. To date, much of the
research on multiband superconductivity has focused on
layered materials with a strongly anisotropic Fermi sur-
face (FS) such as, e.g., MgB2 [4], NbSe2 [5], nonmagnetic
borocarbides [6, 7], Lu2Fe3Si5 [8], and iron pnictides and
chalcogenides [9, 10]. Anisotropy often leads to similar
modifications in single-band superconductors, which is
why the distinction of multiband and anisotropy effects
is usually difficult, particularly when the temperature de-
pendence of the quantities is examined. In contrast, the
field-dependent effects are more often different and thus,
more often allow a reliable distinction between different
scenarios [11].

In certain two-band superconductors with cubic sym-
metry, distinct superconducting gaps may reside on dif-
ferent sheets of a weakly anisotropic Fermi surface.
Multiband effects most likely coincide with an exotic
pairing mechanism in the heavy-fermion superconductor
PrOs4Sb12, as inferred from thermal-conductivity mea-
surements in varying magnetic fields [12, 13]. Further-
more, there are some claims for the observation of two-
band superconductivity in its isostructural counterpart
PrRu4Sb12 [13]. Remarkable that LaRu4As12, adopting
the same filled skutterudite crystal structure, displays
several features indicative of two-band superconductiv-
ity, although a lack of 4f electrons makes its electronic
structure less complex. A compelling evidence for more
than one energy gap in LaRu4As12 holds for (i) a non-
linear magnetic field B dependence of the specific heat
in the zero-temperature limit, (ii) a positive curvature
of the Bc2(T ) dependence, and (iii) a deviation of the
electronic specific heat from the one-gap α model [14].
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Besides LaFe4As12 and LaFe4Sb12, all the other La-
filled skutterudite compounds LaT4Pn12 (T = Ru, Fe
and Os; Pn= P, As and Sb) display s-wave superconduc-
tivity. As far as superconductivity of the LaT4Pn12 skut-
terudites is concerned, we note a smooth change of lat-
tice dynamics with the average atomic mass without any
exceptional difference between the Os4As12, Ru4As12,
and Ru4Sb12 frameworks. Since the phonon spectrum
of LaRu4As12 does not show any evidence for unusual
behavior with respect to other La-filled skutterudite su-
perconductors, we have performed a similar study on
LaOs4As12 to elucidate a rare observation of multiband
effects in the cubic system. Intriguingly, evidence for
multiband order parameters is found in LaRu4As12 (Tc =
10.45 K, Bc2 ≈ 10.2 T) , being the material with en-
hanced superconducting properties as compared to other
skutterudite superconductors.

Physical properties of LaOs4As12 have been investi-
gated by different groups. All available data consis-
tently point at a conventional s-wave BCS superconduc-
tivity below Tc = 3.2 K [15], but the specific heat was
only briefly examined. The Fermi-surface topology of
LaOs4As12, determined by the de Haas–van Alphen oscil-
lations, was found to be in reasonable agreement with the
predictions of band-structure calculations: FS consists of
a sphere enclosing a small volume in the center of the
Brillouin zone and a rather complex three-dimensional
sheet. Both parts of the Fermi surface are strictly dis-
connected from each other.

2. Experimental procedure

Single crystals of LaOs4As12 were grown using the
high-temperature molten-metal-flux procedure detailed
in Ref. [16]. Elemental components in a molar ratio
La:Os:Cd:As = 1:4:12:48 and with purities better than
99.9% were placed in a quartz ampoule. A heat treat-
ment consisted of: (i) initial heating to 850 ◦C within
24 h and a dwell time at this temperature of five days;
(ii) slow cooling to 750 ◦C within two weeks; (iii) final
cooling to the room temperature within 24 h. As-grown
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crystals were cleaned in acid to remove residual flux and
impurity phases from their surfaces. A residual resistiv-
ity as small as ρ0 = 1.5(±0.4) µΩcm, a correspondingly
large residual resistivity ratio ρ(300 K)/ρ = RRR = 453
and well-defined de Haas–van Alphen oscillations under-
line a high-quality of our LaOs4As12 single crystals.

Specific heat C(T ) for several single crystals with to-
tal mass m = 7.5(3) mg was determined with the aid
of the thermal-relaxation method utilizing a commercial
3He microcalorimeter (PPMS) down to 0.38 K and in
magnetic fields up to 1 T aligned parallel to the [111]
direction.

3. Results and discussion

Figure 1 presents the low-temperature specific heat of
LaOs4As12 as C(T )/T vs. temperature squared. The
specific heat was measured at zero magnetic field and in
an overcritical field of B = 1 T. Based on the B = 1 T
data, we have estimated the phonon contribution Cph

yielding the Debye temperature ΘD = 360(2) K and the
Einstein temperature ΘE = 104(4) K, in good agreement
with previous estimates (ΘD = 360 K, ΘE = 99.4 K) [17].
Surprisingly, the Sommerfeld coefficient of the electronic
specific heat γ was found to be 93 mJ mol−1 K−2, i.e.,
twice larger than that obtained for a polycrystalline sam-
ple (γ = 49 mJ mol−1 K−2) [17]. Results of care-
ful micro-calorimetric measurements additionally indi-
cate a high purity of our LaOs4As12 single crystals. In-
deed, the residual electronic specific heat as small as
0.9 mJ mol−1 K−2 at T = 0.4 K points out that less
than 1% of conduction electrons do not form the Cooper
pairs in LaOs4As12. This enables a detailed analysis of a
superconducting state of LaOs4As12.

Fig. 1. Low-temperature specific heat for the filled
skutterudite compound LaOs4As12, as C/T vs T 2, in
zero magnetic field and in B = 1 T.

Figure 2 shows the low-T electronic specific heat Ce =
C − Cph where Cph is the phonon contribution whose
temperature dependence was estimated from the normal-
state B = 1 T data. An equal-area construction leav-
ing the entropy unchanged, yields ∆Ce/γTc = 1.19 that
is clearly lower than the weak-coupling BCS prediction
(= 1.43). We note that a weak electron–phonon coupling

in LaOs4As12 is in striking contrast to a strong coupling
in LaRu4As12 (∆Ce/γTc = 2.26). However, since su-
perconductivity in LaRu4As12 is discussed in terms of
TBSC, we also consider this possibility for LaOs4As12.
Whereas the one-gap α model correctly describes Ce(T )
near Tc, its failure is evident at T = 1.5 K (cf. dashed line
in Fig. 2). Therefore, we have fitted the Ce(T ) data to the
phenomenological two-gap αmodel [18]. As shown by the
solid line, Ce(T ) for T ≤ Tc is well reproduced assuming
two different gaps ∆1/kBTc = 1.87 and ∆2/kBTc = 1.23
with 40% and 60% in relative weight, respectively. In-
terestingly that a quite similar picture has been applied
to certain multiband superconductors, in particular to
nonmagnetic borocarbides [7] and iron chalcogenides [10].
Nevertheless, it should be noted that a two-gap correction
in the zero-field specific heat of both La-filled arsenide
skutterudites is much smaller than the knee-like anomaly
in the specific heat of, e.g., MgB2 [4] and Lu2Fe3Si5 [8].
Comparison of the residuals of the phonon fit with the
residuals of the single gap fit to the derived electronic
specific heat are shown in the inset of Fig. 2. Clearly,
an unconventional shape of Ce(T ) at T < Tc is not an
artefact due to subtraction of the phonon terms.

Fig. 2. Low-temperature electronic specific heat of
LaOs4As12. The dashed curve is the result of the one-
gap α model. The solid line is a fit to the two-gap
α model with the partial contribution represented by
the two bands (dotted lines). Inset: Comparison of the
residuals of the phonon fit (open circles) with the resid-
uals of the single gap fit (solid circles) to the derived
electronic specific heat.

Figure 3 shows the B–T phase diagram of LaOs4As12
as determined from the C(T ) measurements. This set
of the Bc2(T ) data is supplemented by the C(T ) results
obtained for LaRu4As12 [15]. Upon lowering tempera-
ture below around 0.78Tc ≈ 2.5 K and down to about
0.9 K, the upper critical field increases quasilinearly
with the slope −dBc2/dT = 1.11 T/K, i.e., significantly
faster than in the vicinity of Tc where −dBc2/dT )Tc

=
0.62 T/K was found. As a consequence, a positive curva-
ture emerges whose size is very similar to those observed
for LaRu4As12 [15]. Such upward curvature of the upper
critical field was successfully described within an effective
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two-band model based on the sizable coupling between
two groups of electrons having different Fermi velocities.
However, we note that the characteristic upward curva-
ture of Bc2 near the transition temperature may also
emerge in anisotropic single-band superconductors [12].

Fig. 3. Magnetic field vs. temperature phase diagram
of LaOs4As12 as obtained from specific-heat measure-
ments (solid circles). Here, the upper critical field of
0.7 T was assumed. Open circles are data for the closely
related compound LaRu4As12 [15]. The upper critical
field was determined from an equal-entropy construc-
tion, as exemplified in the upper insets.

Analysis of the zero-field specific-heat data of
LaOs4As12 gives rise to indications towards two-band
superconductivity. This is further supported by an un-
conventional behaviour of the upper critical field near
the transition temperature. We note, however, that
anisotropy often leads to similar features and hence, a
distinction of multiband effects is often difficult, partic-
ularly when temperature dependences of the quantities
are examined. In contrast, magnetic-field dependent ef-
fects are more often different and thus, more often allow
a reliable distinction between both phenomena. To this
end, we have also measured the specific heat as a func-
tion of field down to T = 0.38 K being the lowest tem-
perature accessible in our experiments. Unfortunately,
our preliminary data are too noisy to be analysed. Fur-
thermore, owing Bc2 ≈ 0.7 T, a γ(B) dependence can
be investigated in a rather narrow field range. However,
up to about B = 0.1 T we have observed a linear be-
haviour of γ(B) being much stronger than this expected
for an isotropic s-wave superconductor. Thus, this field-
dependent observation supports multiband superconduc-
tivity rather than anisotropy effects as a viable cause of
the observed anomalies in LaOs4As12 adopting the filled
skutterudite crystal structure. Forthcoming C(T ) ex-
periments on a dilution refrigerator (a base temperature
of 0.05 K) might help to distinguish between different
scenarios.

4. Conclusions

We have investigated some superconducting proper-
ties of the filled skutterudite compound LaOs4As12 with

Tc = 3.2 K. For this fully gapped superconductor, we
have found indications for more than one superconduct-
ing energy gap. This holds for a positive curvature of the
Bc2(T ) dependence in the vicinity of Tc and a deviation
of the electronic specific heat from the one-gap α model.
Thus, LaOs4As12 with cubic symmetry appears to be an
interesting example of a multiband s-wave superconduc-
tor with a weakly anisotropic Fermi surface.
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