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Abstract
We used magnetic susceptibility, resistivity and heat capacity measurements to characterize
the superconducting state in the Einstein solid VAl10.1. We find that VAl10.1 is a
weak-coupling, type-II superconductor with Tc = 1.53 K and an upper critical field of
Hc2(0) = 800 Oe. The heat capacity data in the range 0.07 K < T < 1.53 K are consistent
with an isotropic energy gap of 10 = 0.23 meV.

(Some figures may appear in colour only in the online journal)

‘Rattling’ refers to the low frequency and sometimes
anharmonic vibrations of guest atoms that occupy oversized
polyhedral cages. Several crystal families are known
to contain rattling modes, including clathrates [1–4],
skutterudites [5], β-pyrochlores [6] and dodecaborides [7].
In most cases the rattling coexists with other interesting
behavior, such as strong scattering of acoustic phonons [1, 2]
and superconductivity [6]. The phonon scattering is currently
understood in terms of avoided crossings of the rattling mode
optical branches with host-lattice acoustic branches [8].

For superconductivity the role of rattling is less
clear. Nagao et al [6] showed that for the β-pyrochlore
oxides AOs2O6 (A = Cs, Rb, K) the character of the
superconductivity changes systematically from weak coupling
for the Cs+ guest (Tc = 3.25 K), which has the largest
size and highest vibrational frequency, to strong coupling for
K+ (Tc = 9.6 K), which has the smallest size and lowest
frequency. Based on their strong-coupling analysis, Nagao
et al [6] concluded that the rattling modes of the these
ions dominate the electron–phonon interaction function and
thus mediate the formation of Cooper pairs. NMR studies
of the K sites in KOs2O6 also point to strong coupling

of the rattling phonons to the electrons [9]. At least for
the β-pyrochlore oxides, it appears that superconductivity is
enhanced by a small guest atom having low rattling frequency
and large dynamic displacements from the cage center. Large
displacements are particularly favored when the rattling has
strong anharmonicity even in the ground state.

For the dodecaborides ZrB12 and LuB12 [7], replacement
of the Zr guest with the larger Lu guest reduces Tc from 6.0
to 0.4 K. This reduction is accompanied by a change from
strong- to weak-coupling, and by a much reduced role of
the rattling in the electron–phonon interaction. Surprisingly,
though, the rattling frequency is largely unaffected by the
substitution of Lu for Zr. Given that these guests have such
different positions in the periodic table, we cannot easily
distinguish chemical effects from those of the rattling itself,
as was possible in the pyrochlores. Based on the available
literature data, it is fair to say that at present we do not
understand which characteristics of rattling are relevant to
superconductivity.

Rattling modes in VAl10 were first reported in the early
1970s. Large anomalies in the low-temperature heat capacity,
electrical resistivity, and thermal expansion were explained by
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assuming that VAl10 contains a large density of optical phonon
modes, all with an Einstein temperature of θE ≈ 22 K [10,
11]. The dominance of these low-energy dispersionless modes
was considered so unusual that Caplin et al called VAl10 an
Einstein solid [10]. Inductance measurements later showed
that VAl10 superconducts below 1.6–1.7 K [12], but the
role of Al impurities in the observed behavior was not
clear. Our recent heat capacity measurements confirmed bulk
superconductivity in VAl10.1 [13]. We also showed that the
Al guests in VAl10.1 rattle with strong anharmonicity, having
a frequency that increases with amplitude akin to a particle
in a box. Considering the strong anharmonicity and low
frequency, we are motivated to investigate the possible role of
rattling in the superconductivity of VAl10.1. To this end, in the
present work we characterize the superconducting properties
of VAl10.1.

Polycrystalline samples of VAl10.1 were synthesized by
arc-melting Al and V in a high-purity Ar atmosphere. More
details on the synthesis procedure are given in [13]. The
magnetization was measured in a commercial superconduct-
ing quantum interference device (SQUID) magnetometer
from Quantum Design, equipped with a 3He refrigerator.
Measurements were done in the range 0.4 K ≤ T ≤ 1.8 K at
fields of up to 800 Oe. Electrical resistivity and heat capacity
were measured using Quantum Design Physical Properties
Measurement Systems equipped with 3He and dilution
refrigerators. Resistivity measurements were performed in the
range 0.4 K ≤ T ≤ 300 K at fields of up to 2300 Oe. We used
a four-probe AC technique with copper wires spot-welded to
the specimens employing a home-built welder and welding
conditions (pressure, current, and operation time) adjusted by
trial-and-error method. Heat capacity was measured in the
range 0.07 K ≤ T ≤ 300 K at fields of up to 1000 Oe using a
thermal relaxation technique.

Previous neutron and x-ray diffraction measure-
ments [13] verified that our VAl10.1 samples contained
mainly the VAl10+δ phase, with cubic Mg3Cr2Al18-type
structure. The crystal structure is discussed in [13, 14]. From
Rietveld refinements we determined a = 14.5143(5) Å at
300 K. This is larger than the room-temperature value
of 14.492(4) Å reported for VAl10 [14], and close to
14.516 Å reported for V4Al41 [15]. Our samples contained
an Al impurity with concentration <5 wt% as determined
from the refinements. Based on these data and the nominal
composition VAl10.1, we estimate that the VAl10+δ phase
has composition δ ≈ 0.05–0.1. This corresponds to 10–20%
occupancy of the cage site with rattling Al atoms. We
attempted to prepare alloys with higher occupancy, but the
extra Al created more impurity phase rather than filling the
cages.

Figure 1(a) shows the temperature dependence of the
zero-field-cooled magnetic susceptibility normalized to 1/4π ,
and measured in fields from 20 to 600 Oe. For the
20 Oe applied field (the lowest that we measured) the
transition temperature is 1.5 K. Here we define the transition
temperature as the point where the extrapolation of the
steepest slope of the χV(T) data intersects the extrapolation of
the normal-state data [16]. This is shown in figure 1(a). The

Figure 1. Temperature dependences of: (a) the zero-field-cooled
magnetic susceptibility; (b) the electrical resistivity; (c) the specific
heat Cp/T . All measurements were performed under zero field and
for the indicated applied magnetic fields. The horizontal dashed line
in the inset (c) corresponds to γ = 1.56 mJ mol atoms−1 K−1.

superconducting transition is sharp, and there is no evidence
of another transition at 1.175 K that would be associated with
pure Al metal.

Figure 1(b) shows the temperature dependence of the
electrical resistivity near the superconducting transition,
measured for applied magnetic fields between 0 to 2.3 kOe.
A double transition is observed for fields below 1 kOe.
Even for 2.3 kOe, which is almost three times as large
as the Hc2(0) estimated from the magnetic and the heat
capacity measurements (see figure 2), we still observe the
superconducting transition. The discrepancy in comparing
the magnetic and heat capacity data to the resistivity
measurements is likely caused by the Al impurity in our
samples. Pure Al in the form of a granular film can
superconduct at Tc up to 2.9 K and with Hc2 exceeding
10 kOe [17].

The temperature dependence of the heat capacity, plotted
as Cp/T versus T , near the superconducting transition is
shown in figure 1(c). Data are displayed for 0, 400, and
1000 Oe. The large jump at Tc = 1.53 K in the zero-field
data confirms the bulk nature of superconductivity. In a
field of 1 kOe, Cp/T is featureless to 100 mK. This
is consistent with Hc2(0) ≈ 800 Oe determined from our
magnetic measurements.

Figure 2 shows the temperature dependence of the
upper critical field Hc2, as determined from the magnetic
susceptibility measurements and from the heat capacity data.
Assuming that VAl10.1 is a dirty type-II superconductor,
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Figure 2. The upper critical field Hc2 as a function of temperature,
determined from the magnetic susceptibility data (closed symbols)
and from the heat capacity data (open symbols). The fitting lines are
described in text.

we estimate the upper critical field at 0 K using
the Werthamer–Helfand–Hohenberg (WHH) equation [18],
Hc2(0) = −0.693(dHc2/dT)T=TcTc. Approximating the zero-
field critical temperature as Tc(0) ≈ Tc(20 Oe) = 1.5 K and
using the initial slope dHc2/dT = −710 Oe K−1 through
the lowest-field points, we calculate Hc2(0) = 740 Oe. We
have also estimated Hc2(0) by fitting all of our Hc2(T) data
using the empirical power law expression Hc2 = Hc2(0)(1 −
(T/Tc)

α). This fit is shown in figure 2 by the curve through
data. From the fit we estimate Hc2(0) = 800(90) Oe, Tc =

1.52(1) K, and α = 1.32(5). If we assume that the upper
critical field originates only from orbital effects, the coherence
length can be estimated using the Ginzburg–Landau formula
ξGL(0) = (φo/2πHc2(0))1/2, where φo is the quantum flux.
Using the value Hc2(0) = 800 Oe, we estimate ξGL(0) =
64 nm.

Recently we analyzed the normal-state specific heat of
VAl10.1, focusing on the rattling of the Al guest atoms [13].
In this analysis we assumed that besides the usual γT
electronic and βT3 phonon contributions at low temperature,
there is an additional contribution from the rattling of the
Al guests. We found that this contribution is best described
in terms of a sixth-order interatomic potential [13]. From
our analysis we deduced a characteristic temperature of
θRM,6 = 21 K for the rattling. We also determined a Debye
temperature of θD = 341 K and a Sommerfeld coefficient of
γ = 1.56 mJ mol-at.−1 K−2 (17.3 mJ mol−1 K−2). Based on
this analysis, in [13] we estimated the phonon contribution
to the low-temperature heat capacity. Figure 3 shows the
temperature dependence of the electronic heat capacity Cel/T ,
determined by subtracting this phonon contribution from the
measured data. An equal-entropy analysis gives Tc = 1.53 K
and 1Cel/γTc = 1.42. The former value agrees with the Tc
determined from our magnetic measurements, while the latter
is close to 1.43, which is the value predicted by the BCS
theory for weak coupling [19].

Using the inverted McMillan’s formula [20],

λep =
1.04+ µ∗ ln( θD

1.45Tc
)

(1− 0.62µ∗) ln( θD
1.45Tc

)− 1.04
, (1)

Figure 3. Temperature dependence of the electronic heat capacity,
plotted as Cel/T . The curve through the data shows the fit of the
α-model for 10/kBTc = 1.71.

we can estimate the electron–phonon coupling constant
λep. Assuming values of µ∗ = 0.1 and 0.15 for the
Coulomb repulsion constant we calculate λep = 0.42 and
0.51, respectively. This again suggests that VAl10.1 is a
weak-coupling superconductor. From these values of λep

and γ = 17.3 mJ mol−1 K−2 we calculate the electronic
density of states at the Fermi energy for both spin directions.
We find N(EF) = 3γ /[π2k2

B(1 + λep)] = 5.2 and 4.9
states eV−1 per formula unit for λep = 0.42 and 0.51,
respectively. Previously [13] we used the thermal conductivity
and electrical resistivity data to estimate a normal-state
quasiparticle mean free path of l0 = 2–4 nm for T < 10 K.
Together with our present estimate of ξGL(0) = 64 nm,
we find that ξGL(0)/l0 = 16–32. This confirms our earlier
assumption that VAl10.1 is in the dirty limit.

Using our heat capacity data for the normal and
superconducting states, Cp(1 kOe) and Cp(0 Oe), we now
calculate the thermodynamic critical field µ0H2

c (0)/2 =∫ ∫
(Cp(1 kOe)/T − Cp(0 Oe)/T) dT . We obtain a zero-

Kelvin critical field of Hc(0) = 148 Oe. The relationship
between the upper, lower, and thermodynamic critical
fields is Hc1Hc2 = H2

c ln κ , where κ = λGL/ξGL is the
Ginzburg–Landau parameter and λGL is the penetration depth.
If we substitute into this equation the expressions for the
upper and lower critical fields, Hc1 = φ0 ln κ/4πλ2

GL and
Hc2 = φ0/2πξ2

GL, and solve for the penetration depth we
find λGL = φ0/2

√
2π HcξGL. Using the coherence length

estimated earlier, ξGL = 64 nm, together with Hc(0)= 148 Oe
we estimate λGL = 245 nm. From this value of the penetration
depth we compute κ = λGL/ξGL = 3.8. This verifies that
VAl10.1 is a type-II superconductor, as we have assumed
throughout this analysis. Finally, from the values of Hc(0) and
κ , together with Hc2(0) = 800 Oe, we estimate a lower critical
field of Hc1(0) = 37 Oe. Table 1 summarizes superconducting
parameters and other physical properties of VAl10.1.

The curve through the data in figure 3 shows the
temperature dependence of Cel/T for the range 0 < T ≤ Tc
as predicted by the α-model semiempirical modification of
BCS theory [21]. In the α-model the gap ratio 10/kBTc
is an adjustable parameter, but the temperature dependence
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Table 1. Physical properties and superconducting parameters for
VAl10.1.

Tc (K) 1.53
γ (mJ mol-at.−1 K−2) 1.56
θD (K) 341
θRM,6 (K) 21
1Cel/γTc 1.42
λep 0.42, 0.51a

N(EF) (states eV−1 f.u.−1)a 5.2, 4.9
10/kBTc 1.71
10 (meV) 0.23
µ0Hc1(0), µ0Hc2(0), µ0Hc(0) (Oe) 37, 800, 148
ξGL(0) (nm) 64
λGL(0) (nm) 245
κ 3.8

a For µ∗ = 0.10 and 0.15, respectively.

of the gap is the same as for the BCS theory. Although
originally developed for strongly coupled superconductors,
the α-model has also been applied to superconductors having
weaker coupling than predicted by BCS, for example Zn [21].
Our data for VAl10.1 is well described by the α-model using a
single gap value of 10/kBTc = 1.71. This is slightly smaller
than the BCS value of 10/kBTc = 1.764 and again points to
weak-coupling superconductivity in VAl10.1. From this value
of10/kBTc and the transition temperature of Tc = 1.53 K we
estimate a zero-Kelvin gap of 10 = 0.23 meV.

In summary, we have confirmed superconductivity and
characterized normal- and superconducting-state physical
parameters for the Einstein solid VAl10.1. We show that
VAl10.1 is a BCS-type, weak-coupling superconductor. This
contrasts with the β-pyrochlores AOs2O6 (A = Cs, Rb,
K), where rattling of the alkali metal guests seems to
mediate Cooper pairing [6]. In the pyrochlores the coupling
becomes progressively stronger as guest size decreases, and
rattling frequency decreases, from Cs+ to Rb+ to K+.
For strong coupling KOs2O6 the relevant rattling mode for
superconductivity has the Einstein temperature θE ≈ 60 K [6].
For weak coupling VAl10.1 the rattling frequency is much
smaller, θE ≈ 22 K. However, the role of the Al guest
rattling in the superconductivity is so far unclear. At present
we know of only four members of the MV2Al20 family,
M = Al, Gd, Eu, and U [22–24], and only M = Al
is known to superconduct. Based on the flexibility of the
Mg3Cr2Al18-type structure there are likely more possibilities
for M. A study of MV2Al20 compounds where the size of
M is systematically changed will help us to understand the
interplay between superconductivity and rattling in this family
of Einstein solids.
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