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Abstract
Electrical resistivity ρ, specific heat C , and magnetic M measurements made on the filled
skutterudite CeRu4As12 reveal non-Fermi liquid (NFL) temperature dependences at low T , i.e.
ρ(T ) ∼ T 1.4 and weak power law or logarithmic divergences in C(T )/T and M/H = χ(T ).
Measurements also show that the temperature dependence of the thermoelectric power S(T )

deviates from that seen in other Ce systems. The NFL behavior appears to be associated with a
nonmagnetic ground state, as revealed by magnetization M(H, T ) measurements.

1. Introduction

The filled skutterudite compounds of the form MT4X12

(M = alkali metal, alkaline earth, lanthanide, actinide; T = Fe,
Ru, Os; X = P, As, Sb) exhibit a wealth of strongly corre-
lated electron phenomena including spin fluctuations, itiner-
ant ferromagnetism, local moment ferromagnetism and antifer-
romagnetism, conventional BCS (Bardeen–Cooper–Schrieffer)
superconductivity, unconventional superconductivity, heavy-
fermion behavior, and non-Fermi liquid behavior [1, 2]. Many
of these phenomena depend on hybridization between the rare
earth or actinide f-electron states and the conduction electron
states. This trend is evident in the CeT4X12 systems, most of
which are semiconductors where the gap size is correlated with
the lattice constant [3–5]. The affects of hybridization are par-
ticularly dramatic for CeRu4Sb12 which, until now, was the
only filled skutterudite known to show non-Fermi liquid (NFL)
behavior [6–8]. In this compound, the NFL behavior is charac-
terized at low T as follows: resistivity—ρ(T ) ∼ T 1.4, specific
heat divided by temperature—C(T )/T ∼ − ln T or T −0.58,
and magnetic susceptibility—χ(T ) ∼ T −0.35, all of which
suggest that CeRu4Sb12 is located near a quantum critical point
(QCP). The value of the lattice constant for CeRu4Sb12 at room
temperature indicates that the Ce ions are nearly trivalent, sug-
gesting that a Kondo lattice description is appropriate for this
compound.

In this paper, we present measurements of ρ(T ), C(T ),
magnetization M(H, T ), and thermoelectric power S(T ) for
CeRu4As12 which show unusual behavior at and below room

temperature. The M(H, T ) measurements indicate that the
Ce ions have a nonmagnetic ground state. We also discuss
evidence for NFL behavior at low T and suggest that this
compound may be near to a QCP that has been suppressed
to 0 K.

2. Experimental details

Single crystals of CeRu4As12 were grown from elements
with purities of �99.9% by a molten metal flux method at
high temperatures and pressures, the details of which will be
reported elsewhere [9]. After removing the majority of the
flux by distillation, CeRu4As12 single crystals of an isometric
form with dimensions of up to ∼0.7 mm were collected and
cleaned in acid in an effort to remove any impurity phases
from the surfaces of the crystals. The crystal structure of
CeRu4As12 was determined by x-ray diffraction on a crystal
with dimensions of 0.17 × 0.18 × 0.23 mm. A total of 5714
reflections (447 unique, Rint = 0.0772) were recorded and the
structure was resolved by the full matrix least squares method
using the SHELX-97 program with a final discrepancy factor
R1 = 0.0273 [for I > 2σ(I ), wR2 = 0.0619] [10, 11].

Electrical resistivity ρ(T ) measurements for 65 mK <

T < 290 K were performed in a four-wire configuration
in zero magnetic field using a conventional 4He cryostat and
a 3He–4He dilution refrigerator. Magnetization M(H, T )

measurements for 1.9 K < T < 300 K and 0 < H < 55 kOe
were conducted using a Quantum Design magnetic properties
measurement system on mosaic of crystals (m = 121 mg)

0953-8984/08/075110+07$30.00 © 2008 IOP Publishing Ltd Printed in the UK1

http://dx.doi.org/10.1088/0953-8984/20/7/075110
http://stacks.iop.org/JPhysCM/20/075110


J. Phys.: Condens. Matter 20 (2008) 075110 R E Baumbach et al

Figure 1. Electrical resistivity ρ versus temperature T for
CeRu4As12. Inset: log–log plot of ρ − ρ0 versus T between 65 mK
and 10 K, where ρ0 is the residual resistivity. The data can be
described by the expression ρ(T ) = ρ0 + AT n , where
ρ0 = 136 μ� cm, A = 19.0 μ� cm K−n and n = 1.4 (straight line
in the figure).

Table 1. Atomic coordinates, displacement parameters, and
occupancy factors for CeRu4As12. Ueq is defined as one-third of the
trace of the orthogonalized Uij tensor.

Atom x y z

Ueq

(Å
2 ×10−3)

Occupancy
factor

Ru 0.25 0.25 0.25 3(1) 1.00(2)
As 0.1495(1) 0.3499(1) 0 4(1) 0.99(2)
Ce 0 0 0 11(1) 0.99(2)

which were mounted on a small Delrin disc using Duco
cement. Specific heat C(T ) measurements for 650 mK < T <

10 K were made using a standard heat pulse technique on a
collection of 11 single crystals (m = 45 mg) attached to a
sapphire platform with a small amount of Apiezon N grease
in a 3He semi-adiabatic calorimeter. The thermoelectric power
S(T ) for 0.5 K < T < 350 K of CeRu4As12 single crystals
with a length of less than 1 mm was determined by the method
described in [12].

3. Results

Single-crystal structural refinement shows that the unit cell
of CeRu4As12 has the LaFe4P12-type structure (Im3̄) space
group with two formula units per unit cell, and a lattice
constant a = 8.5004(4) Å, in reasonable agreement
with earlier measurements of a = 8.4908 Å and a =
8.4963 Å [4, 5, 13]. Other crystal structure parameters are
summarized in table 1. The displacement parameter Ueq

represents the average displacement of an atom vibrating
around its lattice position and is equal to its mean-square
displacement along the Cartesian axes. The displacement
parameters determined for CeRu4As12 exhibit behavior that is
typical of the lanthanide-filled skutterudites [14, 15]. Table 1
also indicates that the Ce and As sites in CeRu4As12 may
not be fully occupied, since there is ∼2% uncertainty in
the occupancy factors. The possible incomplete Ce or As
occupancy is even more pronounced for some other crystals,

Figure 2. Magnetic susceptibility χ versus temperature T for
CeRu4As12 between 2 and 300 K. The magnetic susceptibility χ is
defined as χ = M/H , where M is the magnetization and H is the
magnetic field, and was measured in fields of 10 kOe (filled circles)
and 50 kOe (unfilled circles). For 2 K < T < 10 K, χ(T ) measured
in a 10 kOe field is described by either a power law (curve (a)) or a
logarithmic (curve (b)) function (see text).

not shown in table 1, where the Ce and As filling deviates by
as much as 3% from 100% occupation.

The T -dependence of the electrical resistivity is quite
unusual (figure 1). The large value of ρ ∼ 3.5 m� cm at
room temperature suggests that CeRu4As12 is a semi-metal.
Below 300 K, ρ(T ) decreases monotonically with decreasing
T with negative curvature between 300 K and ∼150 K, positive
curvature from ∼150 to ∼70 K, negative curvature between
∼70 and ∼50 K, and a semi-linear region from ∼50 to ∼10 K.
At the lowest temperatures (65 mK < T < 3.5 K), ρ(T ) can
be described by a power law of the form,

ρ(T ) = ρ0 + AT n (1)

where n = 1.4, A = 19.0 μ� cm K−n , and ρ0 = 136 μ� cm
for nearly two decades in temperature and is consistent with
that seen for other NFL systems [7, 16–18]. Measurements
performed on numerous samples also reveal that the qualitative
behavior for ρ(T ) is consistent for all samples, although
variation by as much as a factor of two in the absolute value
of ρ is observed, possibly due to uncertainty in the geometric
factor. It should also be noted that no superconducting
transition was detected above 65 mK.

Shown in figure 2 are χ(T ) = M(T )/H data measured in
constant fields H = 10 and 50 kOe. The χ(T ) data likewise
show an unusual T -dependence in which χ decreases rapidly
with T down to ∼100 K, remains roughly constant down to
∼65 K, and then begins a slow increase down to 1.9 K which
depends on the magnitude of the applied field. No part of
these curves can be described by a simple Curie–Weiss law,
as would be expected for magnetic Ce3+ ions, nor is any
obvious magnetic ordering seen. For fields which fall in the
linear portion of low-T M(H ) isotherms (H � 15 kOe), χ(T )

increases continuously down to 1.9 K. In contrast, for fields
above the linear portion of the low-T M(H ) isotherm, χ(T )

tends to saturate with decreasing T , approaching a constant
value near 1.9 K. The low-T upturn in χ(T ) is described by
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Figure 3. Total magnetic susceptibility χ and intrinsic susceptibility
χlin (see text) versus temperature T for CeRu4As12 between 2 K and
300 K. Inset: magnetization M versus applied field H at T = 2 K.
The total magnetization M is treated as a sum of a linear intrinsic
magnetization Mlin and an impurity Brillouin function Mimp.

various functions, implicit in which is the assumption that the
upturn is either intrinsic and due to magnetic fluctuations in the
vicinity of a magnetic quantum critical point where a second-
order magnetic transition has been suppressed to 0 K, or due to
paramagnetic impurities embedded in a nonmagnetic host.

To consider the first viewpoint that the low-field behavior
of χ(T ) is intrinsic, the χ(T, H = 10 kOe) data were fitted
below ∼10 K in a manner consistent with the NFL behavior
observed in ρ(T ). Fits show that χ(T ) is described by either
a power law (1.9 K � T � 10 K) or a logarithmic function
(1.9 K � T � 6 K) of the forms,

χ(T ) = aT −m (2)

χ(T ) = b − c ln(T ) (3)

where a = 4.5 × 10−3 cm3 Km mol−1 and m = 0.49, or
b = 4.1 × 10−3 cm3 mol−1 and c = 1.3 × 10−3 cm3 mol−1,
respectively. This analysis assumes that the application of
higher fields (H = 50 kOe) suppresses the low-T divergence
in χ(T ), consistent with a field-induced crossover to a Fermi
liquid state.

To address the possibility that the low-T upturn in
χ(T ) is due to magnetic impurities, isothermal M versus H
measurements were made at low temperatures. As shown in
the inset of figure 3, the M versus H curve for T = 2 K
is linear up to ∼15 kOe, develops negative curvature, and
then becomes linear in higher fields. This field dependence
is consistent with the total magnetization M being a sum of
an intrinsic linear contribution Mlin that is linear in H and
an impurity contribution Mimp that saturates at high H . For
M(H ) isotherms at T = 2, 2.5, 3, 4, 5, 10, 50, 100 K, and
χ(T ) curves at H = 10 and 50 kOe, the impurity contribution
was optimized and removed from the total magnetization in
the manner described in [19]. The resulting curves are shown
in figure 3, where the intrinsic susceptibilities Mlin(T )/H =
χlin(T ) for H = 10 and 50 kOe, as well as those taken
from linear fits to the Mlin(H ) isotherms, are shown to agree
and are compared with the total susceptibilities for H = 10

Figure 4. Specific heat C divided by temperature T versus T for
CeRu4As12. For T < 2.6 K, an upturn is observed which persists to
650 mK. The divergence conforms to a weak power law (curve (a))
or logarithmic function (curve (b)) (see text). It should be noted that
a small feature is observed with a maximum at 2.4 K which appears
to be related to an impurity phase. Shown in the inset is a plot of
C/T versus T 2 between 0.5 and 10 K. The straight line is a fit of
equation (6) which yields γ = 26 mJ mol−1 K−2 and θD = 156 K.

and 50 kOe. In the high-temperature region, χ and χlin are
nearly identical, since the supposed impurity contribution is
small. Near 100 K, the deviation between the two quantities
is noticeable as χlin becomes constant, while χ saturates and
then begins a slow increase. Below ∼10 K, χlin begins a
gradual decrease which becomes much stronger below ∼5 K,
in the range where NFL behavior in ρ(T ) and C(T )/T occurs.
Additionally, the fits to Mimp give an estimate for the impurity
concentration. However, since there is no quantitative method
for determining the type of magnetic impurity or whether it
is of a single species or a mixture, it is necessary to assume
a value for the total angular momentum J . Fits to the data
assuming J = 8 (Ho) and J = 2.5 (Ce) yield impurity
concentrations near 1% with a Landé g factor of g = 0.26
and 0.71, respectively. This concentration is consistent with the
amount estimated from x-ray diffraction (XRD) measurements.

Displayed in figure 4 are data for specific heat divided
by temperature C/T versus T 2. For T < 10 K, the data
decrease with temperature down to 2.6 K, below which they
exhibit an upturn that persists to 650 mK. The strength of
the upturn is comparable to that seen for the related NFL
compound CeRu4Sb12 [7]. It should be noted that a small
feature with a maximum at 2.4 K is also observed. The feature
is associated with an impurity component and is not seen in
C/T measurements of all CeRu4As12 specimens, although the
other features, such as the low-temperature divergence, are
seen. For temperatures 2.6 K < T < 8 K, the data can be
described by,

C/T = γ + βT 2 (4)

where γ is the electronic specific heat coefficient and β ∝
θ−3

D describes the lattice contribution. Fits of equation (4)
to C(T )/T show that γ ∼ 26 mJ mol−1 K−2 and θD ∼
156 K. For 650 mK < T < 2.6 K, C/T diverges
from the T 2T -dependence and increases with decreasing
temperature. This low-temperature divergence in C/T can
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Figure 5. Thermoelectric power S versus temperature T for two
different crystals of CeRu4As12 from the same batch. Inset (i) shows
S versus T between 0.47 and 10 K, while inset (ii) displays S/T
versus T between 0.47 and 4 K.

be described by either a weak power law or a logarithmic
function (equations (5) and (6)) where γ = 26 mJ mol−1 K−2,
ϕ = 74.5 mJ mol−1 K

−(2−l)
and l = 0.97 or φ =

101 mJ mol−1 K−2 and ζ = 84 mJ mol−1 K−2, respectively.
Again, the behavior is consistent with typical NFL phenomena:

C/T = γ + ϕT −l (5)

C/T = φ − ζ ln T . (6)

Figure 5 shows the T -dependence of the thermoelectric
power S(T ) for two samples of CeRu4As12, for which there
is a pronounced sample dependence. In the high-temperature
region, there is a two-peak structure with a broad peak around
hTmax = 250 K which reaches hSmax = 67 V K−1 for
sample 2. The broad peak is followed by a local minimum
near ∼150 K and a sharp peak with a maximum value near
lSmax = 66 μV K−1 at lTmax ∼ 75 K for sample 2 and lSmax =
38 μV K−1 at lTmax∼100 K for sample 1. The inset figure 5(i)
displays the T -dependence of S(T ) below 10 K. The sample
with the lower thermoelectric power exhibits an abrupt step in
S(T ) by about �S5 K ∼ 2 V K−1 near T ∗ = 5.0 K. The step
results in a change of sign from positive above T ∗ to negative
below. For the sample with higher S(T ), the jump at T ∗ is
from one nearly linear S(T ) to another with a slightly lower
slope. Additionally, a sign change at 0.9 K is observed for this
sample. The S(T ) curves for these two samples converge at an
upturn near T = 0.47 K, as shown in figure 5(ii), where the
average value of S/T is equal to −0.6 V K−2.

4. Discussion

Taken together, measurements of ρ(T ), M(H, T ), C(T )/T ,
and S(T ) reveal anomalous types of behavior in both the
high-and low-temperature regions. The decreasing magnetic
susceptibility with T is particularly interesting, as it signals
a transition to a nonmagnetic state at low T . There are
two well-known models which describe such an evolution in
magnetism. The first is the intermediate valence picture where

the Ce ions have a dynamic temporally fluctuating valence, in
this case between 3+ (magnetic) and 4+ (nonmagnetic), which
evolves into a nonmagnetic ground state below a characteristic
‘valence fluctuation’ temperature Tvf. The second is a Kondo
lattice picture where the magnetic moments of Ce3+ ions which
occupy a sublattice are screened by conduction electrons,
resulting in a nonmagnetic ground state, below a characteristic
‘Kondo’ temperature TK.

In the intermediate valence picture, the ratios n3+(T )

and n4+(T ) = 1 − n3+(T ) describe the fraction of Ce ions
in each valence state. The 4f-electron shell of each Ce ion
temporally fluctuates between the configurations 4f1 (Ce3+)
and 4f0 (Ce4+) at a frequency ω ≈ kBTvf/h̄, where Tvf

separates magnetic behavior at high temperatures T � Tvf and
nonmagnetic behavior at low temperatures T � Tvf [20, 21].
For Ce3+, there is one localized 4f-electron and χ(T ) should
behave as a Curie–Weiss law modified by the crystalline
electric field (CEF) splitting of the ground state doublet and
an excited state quartet by a splitting temperature TCEF on
the order of several hundred kelvin, as seen for other Ce-
filled skutterudite compounds such as Ce0.9Fe3CoSb12 (TCEF ∼
350 K) [14]. For Ce4+, there is no localized f-electron and
χ(T ) should behave as a Pauli susceptibility. However, for
an intermediate valence state involving a temporal admixture
of the 4f1 and 4f0 configurations, χ(T ) is expected to be
intermediate between χ(T ) of the Ce3+ and Ce4+ integral
valence states for T � Tvf and to exhibit an enhanced Pauli-
like susceptibility for T � Tvf. Magnetic ordering can
also occur if the characteristic temperature for the RKKY
(Ruderman–Kittel–Kasuya–Yosida) interaction is comparable
to the valence fluctuation temperature Tvf.

Thus, down to 90 K, χ(T ) and χlin(T ) are consistent
with an intermediate valence scenario, and one in which
the intermediate valence shifts in the direction of 4+ with
decreasing T , as indicated by the decrease in χ(T ) with
decreasing T . Comparison to other known intermediate
valence compounds such as SmS, SmB6, or La1−x Thx doped
with Ce impurities, where the Ce valence evolves from 3+
to an intermediate value as a function of Th concentration,
supports this perspective [20–23]. Moreover, the intermediate
valence picture is consistent with the depressed room-
temperature lattice constant, as compared to the expected
trivalent lanthanide contraction (LC) value for the MRu4As12

series where M = La–Pr [4, 5]. To emphasize this point, a
comparison can be made to the related compounds MT4Sb12

and MT4P12, where M = La–Nd and T = Fe, Ru, and Os. For
MT4Sb12, there is no deviation from the expected LC value at
room temperature and, therefore, the Ce ions appear to have a
valence near 3+, although this does not preclude the possibility
of an intermediate valence state below room temperature. To
probe this viewpoint, XANES (near-edge x-ray absorption fine
structure) measurements have recently been made to measure
the Ce valence in CeRu4As12 directly. Contrary to the above
discussion, the Ce ions in CeRu4As12 appeared to be in the 3+
state, indicating an alternative description. These results will
be discussed in detail in an upcoming publication [24].

On the other hand, the Kondo lattice picture could be
appropriate if the Ce ions are trivalent and carry localized
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magnetic moments. In this case, the decrease in the magnetic
susceptibility with decreasing temperature indicates that the
Kondo temperature TK is above room temperature. Thus, the
decrease in the resistivity with decreasing temperature could
be due to a decrease in the magnetic exchange scattering
consistent with the formation of the coherent Kondo lattice
ground state. This scenario is expected to lead to a
nonmagnetic Fermi liquid ground state. Thus, the formation of
an NFL ground state would be surprising and not in agreement
with the typical picture, where NFL behavior is seen in the
vicinity of a magnetically ordered ground state. However,
there are some f-electron systems such as Y1−x UxPd3 and
U1−xThx Pd2Al3 in which the physical properties exhibit NFL
behavior at temperatures much lower than the TK and far away
from any magnetic quantum critical points [17, 18, 25, 26]. It
should also be noted that if a Kondo picture is adopted, the
reduced lattice constant could be explained by a Kondo-like
volume collapse [27].

The high-temperature behavior is further complicated
by the two-peak structure in the S(T ) data. Simi-
lar two-peak structures have been observed for various
other cerium systems, including the heavy-fermion system
CexY1−x Cu2.05Si2 [28], where x = 0.3, 0.5. In that case, the
low-T peak is ascribed to electron scattering by the ground
state doublet of the Ce3+ ion, while the high-temperature peak
is due to electronic scattering from the entire sextet of CEF lev-
els of the Ce3+ ion. A more general description of S(T ) for the
Ce-based intermetallic systems is given by a theoretical model
that takes into account the CEF splitting of the Ce3+ 4f Hund’s
rule ground state multiplet and strong Coulomb repulsion of
the 4f-electrons [29].

Measurements of ρ(T ), M(H, T ), and C(T )/T also
reveal an anomalous NFL state for CeRu4As12 at low T . The
NFL behavior is characterized by sub-quadratic power-law
behavior in ρ(T ), weak power-law or logarithmic divergences
in C(T )/T , and either weak power-law or logarithmic
divergences in χ(T ) or a strong depression in χlin(T ) near 5 K.
To quantify the NFL state roughly, a temperature scale T0 may
be derived from the low-temperature fits to ρ(T ), χ(T ) and
C(T )/T using the scaled equations [17, 18, 20],

ρ(T ) = ρ0[1 + (T/T0ρ)
n] (7)

χ(T ) = −B ln(T/T0χ) (8)

C(T )/T = −λR/T0 K ln(T/bT0 K) (9a)

∂(C(T )/T )/∂(ln T ) = −λR/T0 K (9b)

which yield the values T0ρ ∼ 4 K, T0χ ∼ 23 K, and
T0 K ∼ 25 K. For the fit to C(T )/T (equation (9a), (9b)),
the parameters λ = 0.251 and b = 0.41 are taken from the
two-channel Kondo model, which has proven to be a useful
phenomenological description that yields reasonable values of
the scaling temperature T0 K for many NFL systems, although
it is not strictly applicable to the present situation from a
theoretical point of view. The unusual behavior seen in S(T )

below 5 K also supports the viewpoint that T0 is in this
temperature range. Although the values for T0 seem to span
a wide range of temperatures, this phenomenological scaling

analysis provides a rough estimate of the temperature range
through which the system makes a gradual transition into the
NFL state.

The low-T S(T ) data also imply an unusual state below
5 K. In this measurement, T ∗ coincides with the upper limit of
the temperature range for NFL behavior. Behnia et al [30] have
argued that, in the zero-temperature limit, the thermoelectric
power should obey the relation,

q = SNAe

T γ
(10)

where NA is Avogadro’s number, e is the electron charge and
the constant NAe = 9.65×104 C mol−1 is the Faraday number.
The dimensionless quantity q corresponds to the density of
carriers per formula unit for the case of a free-electron gas
with an energy-independent relaxation time. In our case,
q = −2.2 and differs by sign from all eight cerium compounds
considered in [30]. This unusual result may also be indicative
of an NFL state at low temperatures.

A comparison to typical heavy-fermion systems may be
made by computing an effective Wilson–Sommerfield ratio,
RW = (π2k2

B/3μ2
eff)(χ0/γ ). Since unambiguous choices for

χ0 and γ are not obvious, the values χ(H = 10 kOe), χlin, and
γ are taken at 1.9 K to probe the low-temperature state. Also,
the Hund’s rule effective magnetic moment μeff = 2.54 μB for
Ce3+ ions is used. From these values, RW is calculated to be
∼0.46 and ∼0.06 for χ(H = 10 kOe) and χlin, respectively.
The first value is similar to those found in f-electron materials
that exhibit Fermi liquid behavior with heavy quasi-particles,
while the second value seems far too low to be physically
meaningful. This result suggests that the behavior of χ(T )

in low fields is intrinsic and the curvature in the isothermal
M(H ) curves at low temperatures is not due to paramagnetic
impurities.

In typical discussions of NFL physics in f-electron
materials, the phenomena are described in terms of interactions
between the itinerant electrons and the magnetic rare-earth
ions. Examples include: (1) nearness to various types of
magnetic quantum critical points where a second-order phase
transition is suppressed to 0 K and quantum fluctuations
govern physical properties [31, 32]; (2) Kondo disorder,
where a range of Kondo temperatures are allowed including
TK = 0 K [33–35]; (3) the Griffiths phase model [36];
and (4) the quadrupolar Kondo model [37]. These pictures
have been moderately successful in describing numerous NFL
systems [16]. If the viewpoint is taken that the Ce ions are in
the magnetic 3+ valence state, then one of these models may
be appropriate for describing the low-T behavior. In such a
picture, it must be assumed that the anomalous χ(T ) behavior
is due to some unusual phenomena, such as a high TK.

However, if the intermediate valence picture is adopted,
then Kondo scenarios are unlikely to describe the NFL
behavior, since they require the presence of Ce3+ ions. As
such, the possibility of a QCP where valence fluctuations on
the Ce ions give rise to the incipient NFL state is considered.
The existence of a QCP due to a quantum phase transition
from integral to intermediate valence has been conjectured in
a few other compounds, most notably CeCu2Si2, CeCu2Ge2,
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CePd2Si2, and the alloy CeCu2(Si1−x Gex)2 [38–43]. The
low-pressure region of the T –P phase diagram for these
compounds is similar to that seen for heavy-fermion
superconductors such as CeIn3 and CeMIn5 (M = Co, Rh),
where antiferromagnetic order is suppressed with increasing
pressure towards a QCP, around which a superconducting
dome is observed at low temperatures [44–46]. Higher
pressures then tune the Ce ion from integral to intermediate
valence, resulting in a second superconducting dome near
a QCP associated with the valence transition. The region
surrounding the superconducting dome maximum is also
accompanied by NFL behavior. By comparison, an analogous
description may be applicable for CeRu4As12 where pressure,
magnetic field, or chemical substitution tune the dynamic
intermediate valence state.

Finally, it is noteworthy that a recent study shows that
ρ(T ) for polycrystalline specimens of CeRu4As12 exhibit
thermally activated behavior ρ ∼ exp(�/T ) where � =
50 K, while χ(T ) and C(T )/T are similar to those reported
here [13]. The transition from a weakly insulating state
for polycrystalline samples to semi-metallic NFL behavior
for single-crystal samples signals that the electronic state of
CeRu4As12 is highly sensitive to perturbations, such as Ce
filling or structural disorder, that are affected by the sample
growth technique or the degree of crystallinity. We also
make a comparison to CeOs4As12, for which ρ(T ) shows
semiconducting behavior [47]. A similar situation is seen
for CeRhSb1−x Snx , where CeRhSb is a Kondo semiconductor
and CeRhSn exhibits NFL behavior [48]. In this system, it
is possible to tune through a Kondo insulator–NFL quantum
critical point as a function of dopant x . An analogous study
would be of interest for the doping series Ce(Ru1−x Osx)4As12.

5. Summary

Measurements of ρ(T ), M(H, T )C(T )/T , and S(T ) for
single crystals of CeRu4As12 reveal anomalous behavior, most
notably a nonmagnetic or weakly magnetic behavior, which
evolve into NFL phenomena at low temperatures. As such,
CeRu4As12 may be a member of the class of materials whose
close proximity to a QCP precipitates NFL behavior. However,
the lack of any readily identifiable magnetic quantum critical
point suggests that the quantum critical behavior is due to
another type of transition, such as a valence transition or metal–
insulator transition suppressed to 0 K. Measurements of the
electrical resistivity, thermoelectric power, specific heat, and
magnetization as a function of pressure, magnetic field, and
chemical substitution may yield insight into the nature of the
quantum critical behavior in this compound.
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