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Physical properties of Ce3+xRu4Sn13−x single crystals
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Single crystals of Ce3+xRu4Sn13−x (0.05 � x � 0.34), which adopt the cubic structure (Pm3n, No. 223), have
been grown with Sn flux. Thermodynamic and transport property measurements from single-crystal samples
do not show any sign of magnetic ordering down to 1.8 K and indicate coexistence of the Kondo effect and
crystalline electric field effect. The local minimum in the electrical resistivity and highly enhanced specific heat
values at low temperatures characterize this family as a heavy fermion Kondo lattice system. A broad peak is
observed at ∼3.5 K for x = 0.05 in the specific heat and magnetic susceptibility, suggesting a significant Kondo
contribution, and the peak disappears as x increases. The evolution of physical properties of Ce3+xRu4Sn13−x

compounds can be attributed to the nature of the individual Ce ions that occupy two inequivalent 2a and 6d
crystallographic sites.
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I. INTRODUCTION

The intermetallic compounds with a nominal stoichiome-
try R3T4X13 (R = rare-earth or alkaline earth, T = transition
metal, and X = p-block element) crystallize into the cubic
Yb3Rh4Sn13-type structure (Pm3n) [1,2] and show diverse
phenomena such as superconductivity [3], heavy fermion
behavior [4], and charge-density-wave transition [5,6]. In ad-
dition, some Ce- and Yb-based R3T4X13 compounds such as
Ce3Rh4Sn13 and Yb3Ir4Ge13 show complex magnetic behav-
ior with no clear signature of long-range magnetic order [7,8].
In the Yb3Rh4Sn13-type structure, a tilted three-dimensional
network of corner-sharing Rh(Sn)6 trigonal prisms forms the
backbone of the crystal structure and two large cavities in
cuboctahedra and icosahedra arrangements are filled by Yb
(Wyckoff position 6d) and Sn (Wyckoff position 2a), respec-
tively [9]. In some R3T4X13 (3-4-13) compounds, the X atoms
at the 2a site can be substituted by R atoms [10,11], leading to
the chemical formula R3+xT4X13−x, where x is the occupancy
of R at the 2a site. When the X atoms at the 2a site are fully
substituted by R atoms (e.g., x = 1), compounds are known
to adopt the cubic LaRuSn3-type (1-1-3) structure (Pm3n)
[10]. For example, RPtIn3 [12], CeRuGe3 [13], RRhSn3 [14],
and RRuSn3 [10] adopt the LaRuSn3-type structure. However,
in these compounds, the mixed occupancy at the 2a site has
been observed and their 3-4-13 counterparts (x = 0) are also
reported. Therefore the general formula R3+xT4X13−x can be
used to describe the type of structure in this family of com-
pounds.

Although the 3-4-13 (x = 0) and 1-1-3 (x = 1) com-
pounds belong to the same space group Pm3n, their observed
physical properties show significant differences mostly due
to the replacement of X atoms by R atoms at the 2a
site. For example, the compound Ce3Rh4Sn13 reveals no
magnetic ordering down to 50 mK [15], whereas the com-
pound CeRhSn3 shows typical Kondo lattice behavior with
a magnetic phase transition at 4 K [14]. The electrical

resistivity of La3Rh4Sn13 follows metallic behavior [7,16,17],
but LaRhSn3 shows semiconductorlike behavior [14]. The
heavy fermion Ce3+xRu4Sn13−x system also shows a strong
x-dependence in their physical properties [18,20–22]. At low
temperatures, the specific heat divided by temperature, C/T ,
of Ce3Ru4Sn13 shows a diverging behavior as temperature
decreases, reaching a value as high as 4 J mol−1

Ce K−2 at T =
0.4 K [18], while C/T of CeRuSn3 shows a broad maximum
at T ∼ 0.6 K with a value of 1.5 J mol−1

Ce K−2 [22]. The mag-
netic susceptibility measurement of CeRuSn3 also indicates
a broad maximum at T ∼ 0.6 K [22], where the origin of
the maximum is suggested to be short-range magnetic fluc-
tuations and (or) spin-glass dynamics [19,22]. The electrical
resistivity measurements of these compounds also show a
clear distinction in that Ce3Ru4Sn13 follows metallic Kondo
lattice behavior [18] and CeRuSn3 shows semiconductorlike
behavior [22].

In this report, we demonstrate that physical properties of
the Ce3+xRu4Sn13−x system are very sensitive to the initial
Ce/Sn loading compositions, eventually controlling the Ce
occupancy at the 2a site. In order to control the occupancy
of Ce at the 2a site, single crystals of Ce3+xRu4Sn13−x (0.05
� x � 0.34) have been grown with Sn flux with various
Ce/Sn ratios. A systematic variation of thermodynamic and
transport properties is clearly observed as x increases from
0.05 to 0.34. The observed physical properties for the x
= 0.05 and 0.34 single crystals are quite similar to those
of earlier polycrystalline Ce3Ru4Sn13 and CeRuSn3 results,
respectively.

II. EXPERIMENTS

Single crystals of Ce3+xRu4Sn13−x (0.05 � x � 0.34)
were prepared with different initial Ce, Ru, and Sn ratios.
High-purity Ce, Ru, and Sn were loaded into alumina crucible
with the ratios described in Table I. The crucibles were sealed
into amorphous silica tubes under partial Argon atmosphere.
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TABLE I. Summary of single-crystal growth conditions and parameters obtained from EDX and XRD.

ILCa EDXc (at. %) R3+xRu4Sn13−x . LPd

No. Ce Ru Sn TPb Ce Ru Sn x a (Å) Phase

0 3 5 92 (1190, 900, 3) Ru3Sn7

1 3.75 5 91.25 (1200, 950, 1) 14.3(2) 18.7(4) 67.0(6) 0.05(6) 9.7326(16) Ce3+xRu4Sn13−x

2 5 5 90 (1190, 900, 3) 14.6(2) 18.8(2) 66.6(1) 0.12(3) 9.7302(16) Ce3+xRu4Sn13−x

3 7.5 5 80.75 (1190, 900, 3) 14.9(3) 18.5(2) 66.6(5) 0.18(4) 9.7299(12) Ce3+xRu4Sn13−x

4 10 5 85 (1190, 900, 3) 15.2(2) 18.9(2) 65.9(2) 0.23(3) 9.7277(17) Ce3+xRu4Sn13−x

5 13 5 82 (1200, 950, 1) 15.6(2) 18.9(2) 65.5(2) 0.34(3) 9.7272(16) Ce3+xRu4Sn13−x

6 15 5 80 (1190, 900, 3) CeSn3

La Ru Sn
7 13 5 82 (1190,950,1) 16.7(0) 18.3(1) 65.1(1) 0.65(3) 9.7664(16) La3+xRu4Sn13−x

aInitial loading composition.
bTemperature profile (maximum temperature, decanting temperature, and cooling rate in ◦C/hour).
cComposition obtained from EDX.
dLattice parameter obtained from XRD.

The ampoules were heated and cooled in a furnace with the
temperature profile in Table I. Right after the ampoules were
removed from the furnace, the crystals were separated from
the liquids with a centrifuge. The as-grown single crystals
with dimensions of ∼6 × 6 × 6 mm3 (∼0.6 g) show clear
faucets with Sn droplets on the surface, as shown in the inset
of Fig. 1. The batch with 3% Ce (sample 0) yields only binary
Ru3Sn7 and the batch with 15% Ce (sample 6) produces only
CeSn3. The decanting temperature of samples 1 and 5 was
set to 950 ◦C to avoid Ru3Sn7 and CeSn3 binary phases.
It has to be noted that when the decanting temperature is
set to 900 ◦C for the batch with 3.75% Ce (sample 1) both
binary and ternary phases are obtained. However, raising the
decanting temperature from 900 ◦C to 950 ◦C does not sig-
nificantly affect the electrical resistivity (see results below).
The single crystals of La3+xRu4Sn13−x were prepared with the
same growth condition as sample 5 in Table I.

The compositions of the grown single crystals were deter-
mined from energy-dispersive x-ray (EDX) spectra, obtained
from a FEI Helios NanoLab 650 FIB/SEM system equipped

FIG. 1. Powder x-ray diffraction patterns of sample 5 together
with Si powder. The black square symbols and red line denote the
experimental data and calculated profiles, respectively. The verti-
cal blue bars indicate the theoretical Bragg peak positions for the
Yb3Rh4Sn13-type structure. The Sn impurity phase is marked by the
green asterisk. The vertical dashed lines represent the Si Bragg peak
positions. Inset shows a photograph of sample 5 on a 1-mm grid.

with a EDAX Octane 60-mm2 EDX detector. The EDX spec-
tra were collected by selecting three 1500 μm × 500 μm
areas with an accelerating voltage of 30 kV for 100 seconds.
To verify the crystal structure of the title compound, powder
x-ray diffraction (XRD) patterns of crushed single crystals
were collected in a Rigaku MiniFlex diffractometer at room
temperature. Silicon powders as an internal standard were
added to correct the instrument’s zero shift (Fig. 1). Large
single crystals were cut into appropriate sizes using a wire
saw and all surfaces were polished before performing physical
property measurements. The DC magnetization, for tempera-
tures ranging from 1.8 to 300 K and magnetic fields up to
70 kOe applied along the [100] crystallographic direction,
was measured in a Quantum Design (QD) Magnetic Property
Measurement System (MPMS). Electrical resistivity measure-
ment was performed down to 1.8 K in a QD Physical Property
Measurement Systems (PPMS). Specific heat was measured
by the relaxation method down to T = 0.4 K for sample 5 and
to T = 1.8 K for the rest of the samples in a QD PPMS.

III. RESULT AND DISCUSSION

Powder XRD patterns for sample 5, as representative data,
are shown in Fig. 1. The observed peak positions are well
indexed by the Yb3Rh4Sn13-type structure (Pm3̄n). Except for
a low intensity Sn peak at around 2θ ∼ 30.5◦, no unindexed
peaks or impurity phases are detected. It should be noted
that the obtained XRD pattern can also be indexed with the
LaRuSn3-type structure (Pm3̄n). The only difference between
these two structure types is the Ce/Sn occupancy at the 2a
site. Due to the subtle difference in their relative intensities,
we were not able to distinguish between these two structure
types. Therefore only the lattice parameter is obtained from
the XRD patterns using the FULLPROF software [23].

The chemical compositions of the grown single crystals
(samples 1–5), obtained from EDX analysis, are plotted in
Fig. 2 as a function of initial Ce loading composition (Ce
load percentage). The obtained Ce composition increases as
Ce load percentage increases, whereas the Sn composition
decreases as Ce load percentage increases. The composition
of Ru remains relatively constant for all measured samples,
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FIG. 2. Chemical compositions (%) of Ce3+xRu4Sn13−x obtained
from EDX, plotted as a function of Ce load percentage. The left
and right axes represent the composition of Ce and Ru and the
composition of Sn, respectively. EDX analysis of the La sample is
presented by star symbols.

suggesting the full occupancy of Ru at the 8e Wyckoff posi-
tion. An earlier study on RPtIn3 shows full occupancy at the
8e, 6d , and 24k sites and mixed occupancy at the 2a site [12].
This structural feature is prevalent in this family of materials,
including Ca3+xCo4Sn13−x [11] and Ce3+xRu4Ge13−x [13], as
revealed by x-ray and neutron diffractions. In addition, the
full occupancy of rare-earth atoms at the 2a site is realized in
RRuSn3 (R = La, Ce, Pr, and Nd) [10] and the full occupancy
of Sn at the 2a site is revealed in Ce3Ru4Sn13 [24]. There-
fore we determined the chemical formula of the currently
studied samples by fixing the averaged Ru composition of
five samples to 4. When the mixed occupancy at the 2a site
(Ce/Sn) and the full occupancy at the 8e (Ru), 6d (Ce), and
24k sites (Sn) are assumed, the obtained chemical formula are
consistent with the general formula Ce3+xRu4Sn13−x. Based
on this assumption we infer the Ce occupancy at the 2a site
from x that is found to be 0.05 for the lowest Ce load percent-
age (sample 1) and 0.34 for the highest Ce load percentage
(sample 5). Note that the EDX analysis does not provide the
occupancy of atoms at their respective sites, and thus high-
resolution x-ray experiments with Rietveld refinements must
be performed to obtain the actual occupancies at given sites.
The estimated x values are summarized in Table I, where x
increases as Ce load percentage increases. The composition of
the nonmagnetic analog is also obtained using the same EDX
analysis and x value is found to be x � 0.65.

The obtained lattice parameters are plotted in Fig. 3 as
a function of x, together with earlier polycrystalline sample
studies [10,19,20,24–26]. The x-error bars are based on the
lower and upper bounds of averaged Ru composition and the
y-error bars are estimated from the deviation of the expected
Si Bragg peak positions. The lattice parameter obtained in
this study generally decreases with increasing x, which is
opposite to what has been reported in earlier studies. In the
earlier polycrystalline sample studies, lattice parameters for
all reported CeRuSn3 samples (x = 1) [10,19,20] are larger

FIG. 3. Lattice parameter a, plotted as a function of x. Open
symbols for x = 0 and 1 are taken from Refs. [24–26] and
Refs. [10,19,20], respectively. Closed symbols for 0.05 < x < 0.34
are obtained in this work.

than that of all reported Ce3Ru4Sn13 samples (x = 0) [24–26].
The XRD patterns of the compound La3+xRu4Sn13−x can also
be indexed with both the Yb3Rh4Sn13-type and LaRuSn3-
type structures (not shown). The reported lattice parameter of
La3+xRu4Sn13−x compounds mostly ranges from a = 9.766 to
9.777 Å for La3Ru4Sn13 [24,26] and from a = 9.773 to 9.782
Å for LaRuSn3 [10,20,27]. The obtained lattice parameter a
= 9.7664(16) Å for x = 0.65 is slightly smaller than that
for x = 1. The large fluctuation in the lattice parameter is
probably due to the different sample quality and inconsistent
method applied to obtain it. Thus the comparison of the lattice
parameter is not conclusive and requires further investigation.

The observed physical properties of La3.65Ru4Sn12.35 are
consistent with a weakly diamagnetic intermetallic com-
pound. The magnetization measurement at 1.8 K shows
a very large diamagnetic signal below 5 kOe due to the
superconducting phase and shows an increase in negative
magnetization at high magnetic fields, as shown in Fig. 4(a).
The magnetic susceptibility, M(T )/H , at 70 kOe (left inset)
weakly depends on temperature with a very small average
value. In the zero-field-cooled measurement at 1 kOe, the
superconducting transition occurs at about 2 K (right inset).
Since the flat region of the superconducting state does not
appear in the magnetic susceptibility, the concentration of the
superconducting phase is not possible to estimate. Figure 4(b)
shows the electrical resistivity, ρ(T ), of La3.65Ru4Sn12.35.
ρ(T ) follows metallic behavior (e.g., dρ/dT > 0) at high
temperatures and indicates a superconducting transition at TSC

= 2.1 K (inset). Although the observed metallic behavior is
consistent with an earlier polycrystalline La3Ru4Sn13 sample
[18], the absolute value of the resistivity is roughly four times
smaller than that of the polycrystalline sample. In addition,
TSC of the single crystal is slightly higher than the reported
transition temperature of ∼1.5 K [18]. The difference could
be due to the sample quality. Note that semiconductorlike
behavior is observed for the polycrystalline LaRuSn3 sample
[28].
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FIG. 4. Physical properties of La3+xRu4Sn13−x for x = 0.65.
(a) M(H ) for H ‖ [100] at T = 1.8 K. Insets show M/H at H =
70 kOe (left) below 300 K and at 1 kOe below 3 K (right). (b) ρ(T )
below 300 K. Inset shows the expanded plot below 3 K. (c) Cp per
formula unit. Inset shows C/T vs T 2 plot. Solid line represents the
fit to γ T + βT 3.

The specific heat, Cp, of La3.65Ru4Sn12.35 as a function of
temperature is shown in Fig. 4(c). The Cp measurement clearly
confirms the superconducting phase transition at T ∼ 2.1 K,
as shown in the inset, where the peak position of the maximum
coincides with the resistivity signature. Since the resistivity

FIG. 5. ρ(T ) of Ce3+xRu4Sn13−x for (a) x = 0.12, (b) 0.05,
(c) 0.23 and 0.34, and (d) 0.18. Vertical arrows indicate the position
of the resistivity minimum Tmin.

value goes to zero in the superconducting state and the specific
heat shows a jump at ∼2.1 K, the bulk superconducting phase
transition is the ternary phase, not from an impurity or Sn
phase. Above TSC the electronic and phonon contributions
are estimated by Cp = γ T + βT 3. The electronic contribution
γ and Debye temperature �D are obtained to be ∼16.95
mJ mol−1 K−2 and ∼170 K, respectively, from the Cp/T
versus T 2 plot (inset). The obtained Debye temperature is
consistent with the earlier study (�D = 150 K [18]). By using
the obtained γ value, the specific heat jump �Cp/(γ TSC) =
1.46 is found to be only slightly above 1.43, indicating that
the superconductivity in the La3.65Ru4Sn12.35 compound can
be ascribed to the conventional isotropic BCS type.

The ρ(T ) curves of Ce3+xRu4Sn13−x for samples 1–5 (0.05
� x � 0.34) are shown in Fig. 5. The absolute value of the
electrical resistivity for the entire temperature range measured
increases as x increases. For x = 0.05 [Fig. 5(b)], ρ(T )
follows Kondo lattice behavior with a resistivity minimum
at Tmin ∼ 45 K. Tmin gradually moves to higher temperature
as x increases. For x � 0.23, the resistivity, upon cooling,
continuously increases without the minimum. The evolution
of ρ(T ) as a function of x can be seen better from the resistiv-
ity curves normalized at 300 K. To compare, the normalized
resistivity curves of polycrystalline Ce3Ru4Sn13 (x = 0) [18]
and CeRuSn3 (x = 1) [22] are plotted together with the cur-
rently studied single crystals in Fig. 6. The normalized ρ(T )
curves of Ce3+xRu4Sn13−x single crystals systematically vary
between x = 0 and x = 1. The resistivity value at 300 K, ρ(T
= 300 K), and the observed Tmin for various x are plotted in
Fig. 7, where both ρ(T = 300 K) and Tmin increase quasi-
linearly as x increases. It should be noted that ρ(T = 300 K)
for polycrystalline Ce3Ru4Sn13 is much higher than that for
samples with x > 0.

ρ(T ) of the Ce3+xRu4Sn13−x system is very sensitive to
the initial stoichiometric ratios of the constituent elements.
In addition, the cooling rates and decanting temperatures of
the samples appear to be critical parameters for the absolute
value of the electrical resistivity. We have grown multiple
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FIG. 6. Normalized electrical resistivity, ρ(T )/ρ(300 K), curves
for various x. Data for Ce3Ru4Sn13 (x = 0) [18] and CeRuSn3 (x = 1)
[22] are taken by hand from the references and normalized at 300 K.

samples for x = 0.05 with different cooling rates (1–10 ◦C
per hour) and slightly different decanting temperatures. Fig-
ure 8 shows the normalized resistivity curves of sample 1,
a sample with a 900 ◦C decanting temperature and cooling
rate of 1 ◦C/h (sample D900), and a sample with a 950 ◦C
decanting temperature and cooling rate of 10 ◦C/h (sample
C10). The normalized resistivity curves of the three samples
are almost identical, with the temperature dependencies and
Tmin remaining the same. However, the absolute value of the
resistivity is affected by the temperature profiles, as shown
in the inset of Fig. 8, which is probably driven by the large
degree of grain boundary effects.

With varying the occupancy of Ce at the 2a site, the
electrical resistivity of the Ce3+xRu4Sn13−x system drasti-
cally changes from metallic Kondo lattice behavior (x = 0)

FIG. 7. Resistivity value at 300 K, ρ(300 K), for various x. Inset
shows the resistivity minimum, Tmin, for x < 0.2. Star (x = 0) and
pentagon (x = 1) symbols are taken from Refs. [18,22], respectively.
Lines are guides to the eyes.

FIG. 8. ρ(T )/ρ(300 K) curves of samples 1, D900, and C10.
(See the main text for details). Inset shows ρ(T ) of samples 1, D900,
and C10.

to semiconductorlike behavior below 300 K (x = 1). Such
sample-dependent electrical resistivity has been observed in
earlier polycrystalline CeRuSnx (2.85 � x � 3.15) samples
[29], where the absolute value of the resistivity becomes
smaller when varying x from 3, and drastic changes in ρ(T )
are observed at low temperatures for both the Sn-excess case
(x > 3) and Sn-deficient case (x < 3). Since the 2a site in
Ce3+xRu4Sn13−x is occupied by both Ce and Sn atoms, the
systematic variation of the electrical resistivity can be related
to the site disorder. It has been empirically demonstrated that
a semiconductorlike enhancement of resistivity upon cooling
in germanides with Yb3Rh4Sn13-type structures is related to
the large crystallographic disorder: the ratio of the atomic
displacement parameter (ADP) between the 2a site atom
and transition metal atom correlates well to the resistivity
data [3]. Note that the ADP ratio of 3-4-13 germanides is
generally greater than that for metallic stannides [3]. In the
currently studied samples, the highest disorder is expected
from La3+xRu4Sn13−x with x = 0.65, however the resistivity
shows metallic behavior. It is expected from the inset of Fig. 7
that the Tmin value for x > 0.18 is higher than 300 K. Therefore
it is not unreasonable to assume that the semiconductorlike
behavior (dρ(T )/dT < 0) observed for x > 0.18 originates
from Kondo scattering below Tmin.

In the current study, the importance of Kondo scattering
in conjunction with the crystalline electric field (CEF) effect
complicates a straightforward interpretation of the resistivity
data. In zero field, the combined Kondo and RKKY inter-
actions qualitatively explain the resistivity of various Kondo
lattice systems. Since no magnetic ordering has been observed
in Ce3+xRu4Sn13−x (0 � x � 1) compounds, the Kondo
interaction overcomes the RKKY exchange interaction and
thus a normal Fermi liquid should be realized in this system.
The single-impurity Kondo-like resistivity in all samples at
low temperatures and the absence of a T 2 Fermi liquid regime
below the coherence temperature are puzzling. Therefore the
resistivity is measured under external magnetic fields that
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FIG. 9. (a) Magnetoresistance, [ρ(H ) − ρ(0)]/ρ(0), at T =
1.8 K for various x. (b) ρ(T ) of x = 0.05 at H = 0, 30, 60, and
90 kOe. (c) ρ(T ) of x = 0.34 at H = 0 and 90 kOe.

will suppress the contributions of both Kondo and RKKY
scattering at different rates. The magnetoresistance (MR) of
Ce3+xRu4Sn13−x at 1.8 K for H ‖ [100] is shown in Fig. 9(a).
Although the relative variation of MR is small for all x,
probably due to the disorder, the MR curves clearly show a
systematic evolution, changing from negative to positive MR
as x increases. MR for x = 0.05 is negative for all measured
fields, suggesting that the ρ(T ) upturn below Tmin could arise
due to the Kondo interaction.

The ρ(T ) curves at various magnetic fields further support
the Kondo effect. In zero field, a logarithmic increase of
the resistivity with decreasing temperature, ρ(T ) ∼ − log(T ),
indicates incoherent Kondo scattering as shown in Fig. 9(b).
At low temperatures, a magnetic field suppresses spin-flip
scattering, causing the negative MR and the development of
a maximum (coherence). The maximum moves to a higher
temperature as magnetic field increases, which is consistent
with the behavior observed in many heavy fermion (Kondo
lattice) systems. The MR curve for x = 0.34 is positive at low
fields but starts showing a negative trend as the field increases
further. In zero field, ρ(T ) ∝ − log(T ) behavior is dominant,
however the resistivity measurements indicate a negligible
MR as shown in Fig. 9(c). It will require a much higher
magnetic field to observe the maximum in the resistivity. We
conjecture that the evolution of MR as a function of x is caused
by the combination of Kondo scattering at the 6d site and an
increase in the randomness of f -electron scattering at the 2a

site. It should be distinguished from the effect of dilution of
f sites (i.e., the Ce-ions are replaced by non- f ions like La
ions). It has been shown that different Kondo systems exhibit
positive or negative MR depending on the temperature regime,
the number of occupied f electrons per site, and the Kondo
temperature. For the Ce3+xRu4Sn13−x system, the disorder
(especially related to the 2a site) increases as x increases,
implying that the random f -electron scatterings become sig-
nificant for higher x. We note that the enhancement of RKKY
scattering for higher x may provide an alternate explanation of
the positive MR contributions. Our results suggest the relative
importance of disorder contributions that may have a strong
influence on the electrical resistivity.

Inverse magnetic susceptibility, 1/χ (T ) = H/M, curves
for Ce3+xRu4Sn13−x single crystals are shown in Fig. 10(a).
All curves show a slight deviation from the linear temper-
ature dependence above ∼150 K. Therefore the effective
moments, μeff , and Weiss temperatures, θp, are estimated
by fitting 1/χ (T ) curves to modified Curie-Weiss (C-W)
law: χ (T ) = χ0 + C/(T − θp). The obtained results are plot-
ted in Fig. 10(b) together with values from the previous
polycrystalline sample studies [20,22,24]. The μeff values of
single-crystal samples are close to the expected free Ce3+-
ion value (2.54 μB). Note that μeff values for polycrystalline
samples are slightly smaller than the theoretical value. The
estimated θp values (∼−40 K) for single-crystal samples are
almost independent of x, but larger than those for polycrys-
talline CeRuSn3 and Ce3Ru4Sn13 samples. It has to be noted
that the obtained paramagnetic χ0 values are in the range
of ∼1 × 10−4 emu/f.u., which is somewhat bigger than the
diamagnetic response of La-compound, plotted in the inset
of Fig. 4(a). It is interesting to note that mixed valence be-
havior has been previously observed in 3-4-13 germanides
Ce3Ru4Ge13, Ce3Os4Ge13, and Ce3Ir4Ge13 [13,30,31]. Both
μeff and θp values in Ce3+xRu4Sn13−x show no correlation
with x, suggesting that Ce-ions in these compounds retain
the 3+ valence state at both the 6d and 2a sites. This re-
sult is consistent with the absence of the f 0 peak associated
with tetravalent Ce-ions in core-level photoemission spectra
in polycrystalline CeRuSn3 and Ce3Ru4Sn13 samples [26,32].

Figure 10(c) shows magnetic susceptibility, M/H , curves
for Ce3+xRu4Sn13−x single crystals. Unlike the high temper-
ature magnetic response, the low temperature M/H curves
exhibit strong x dependence. The M/H curve for x = 0.34
continuously increases with decreasing temperature, whereas
a clear broad maximum is detected at ∼3.5 K for the x =
0.05 sample. The observed maximum gradually disappears
with increasing x. It has been shown that peaks are found
in the magnetic susceptibility for J > 3/2 [degeneracy N =
(2J + 1) > 2] and that these peaks become pronounced as
the degeneracy increases [33]. Such peaks have been ob-
served for many Ce (J = 5/2) and Yb (J = 7/2) based
Kondo lattice compounds [34–40]. Note that a similar broad
maximum in the magnetic susceptibility is also observed
at a much lower temperature T ∼ 0.6 K in a CeRuSn3

polycrystalline sample [22], but no maximum is observed
down to 1.8 K in a Ce3Ru4Sn13 polycrystalline sample [18].
μSR and inelastic neutron scattering studies on the CeRuSn3

compound suggest that the broad maximum at T ∼ 0.6 K
observed in specific heat and magnetic susceptibility is re-
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FIG. 10. (a) Inverse magnetic susceptibility, H/M, of Ce3+xRu4Sn13−x single crystals at H = 10 kOe along H ‖ [100]. (b) Effective moment
μeff and Weiss temperature θp (inset) as a function of x. Open symbols are taken from previous studies of polycrystalline Ce3Ru4Sn13 [24] and
CeRuSn3 [20,22]. The dotted line is the theoretical value of the effective moment for the free Ce3+-ion. (c) Magnetic susceptibility, M/H , of
Ce3+xRu4Sn13−x single crystals below 14 K. Vertical arrow indicates a broad maximum at ∼3.5 K for x = 0.05. (d) Magnetization isotherms
at 1.8 K along H ‖ [100].

lated to either short-range magnetic fluctuations or spin-glass
dynamics [19,22].

The magnetization isotherms, M(H ), at T = 1.8 K for
various x are plotted in Fig. 10(d). The M(H ) curves for
x = 0.34 and 0.23 follow Brillouin functionlike behavior,
whereas the curves with lower x show an increasing slope
up to ∼50 kOe. The magnetization value at 70 kOe for all
x reaches ∼0.5 μB/Ce, which is much smaller than the satu-
rated magnetization value of the free Ce3+-ion (2.14 μB/Ce).
This reduced magnetization value could be due to the Kondo
effect in conjunction with the CEF effect. Since the mag-
netic susceptibility measurements for Ce3+xRu4Sn13−x single
crystals indicate no magnetic ordering down to 1.8 K, the
slope change clearly observed in M(H ) for x = 0.05 cannot
be related to a metamagnetic transition generally shown in
antiferromagnets. We note that an abrupt nonlinear increase
of magnetization has been observed in the heavy fermion
metamagnet CeRu2Si2 [41].

Specific heat curves divided by temperature, Cp/T , for
Ce3+xRu4Sn13−x single crystals are plotted in Fig. 11(a).
The curves display a minimum at ∼8 K with Cp/T ∼ 1
J mol−1

Ce K−2, and show large enhancement below this mini-
mum. The specific heat, Cp, curves below 10 K are shown in
the inset of Fig. 11(a). A broad hump below 8 K is observed
for all x, which corresponds to the enhancement of Cp/T . For
x = 0.05, the observed Cp/T down to 1.8 K is consistent
with the earlier polycrystalline Ce3Ru4Sn13 sample [18]. For
x = 0.34, a broad maximum with Cp/T ∼ 4 J/mole-K2 is
detected around 0.5 K, which coincides with a maximum
observed from the specific heat measurement of a poly-
crystalline CeRuSn3 sample [21]. Cp/T of La3.65Ru4Sn12.35

is comparable to that of Ce3+xRu4Sn13−x above 100 K,
whereas the difference between the La- and Ce-based com-
pounds becomes significant below the minimum. Therefore
the upturn below the minimum suggests significant magnetic
contributions.
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FIG. 11. (a) Cp/T vs T plots for Ce3+xRu4Sn13−x (symbols) and
La3+xRu4Sn13−x (dashed line). Inset shows Cp vs T below 10 K.
(b) Cm for Ce3+xRu4Sn13−x . The solid line is the Schottky calculation
with �1 = 85 K and �2 = 165 K. The dashed line represents the
CEF contributions based on Ref. [19]. (c) Magnetic entropy Sm for
Ce3+xRu4Sn13−x . The solid line is the magnetic entropy obtained by
integrating Cm/T from 0.4 K for x = 0.34.

The nature of the magnetic state of Ce3+xRu4Sn13−x can
be inferred by examining the magnetic contribution to the
specific heat Cm. The Cm curves with various x are plotted
in Fig. 11(b), where Cm is estimated by subtracting the spe-
cific heat of the nonmagnetic analog La3.65Ru4Sn12.35. For
x = 0.05, the Cm curve clearly shows two broad maxima at
∼3.5 and ∼50 K. With increasing x the absolute value of Cm

becomes smaller for both maxima, while the broad peak on the
high temperature side remains at almost the same temperature.
For x = 0.34, Cm indicates no clear maximum in the low
temperature regime. The electronic contribution to the specific
heat is difficult to determine because Cm/T does not saturate
below 8 K. We note that a large C/T value at low temperatures
has been reported for the isostructural Ce3+xRu4Sn13−x family
and other compounds with the Yb3Rh4Ge13-type structure
[7,13,18,21,22,42].

The magnetic entropy Sm of Ce3+xRu4Sn13−x is estimated
by integrating Cm/T , and is plotted in Fig. 11(c). Because
of the upturn in Cm/T below 10 K, the extrapolation of the
specific heat to T = 0 cannot be made without ambiguity.
Thus, to compare the evolution of Sm as a function of x, the
integration of Cm/T has been performed from 1.8 K for all x.
For x = 0.34, the specific heat is measured from 0.4 K, and
thus the entropy is also estimated by integrating Cm/T from
0.4 K and is plotted in the same figure with a solid line. As
is clear from the case x = 0.34, the total Sm is underestimated
by at least ∼1 J mol−1

Ce K−1. For x = 0.05, Sm reaches R ln(4)
around 100 K, indicating that there are two doublets mainly
influencing Cm, with the third doublet outside of this tem-
perature window. Although the missing entropy below 1.8 K
has to be considered, the magnetic entropy approaches R ln(2)
around 30–40 K for all x, suggesting that the low temperature
maximum is mostly associated with either the ground state
doublet or the combination of a doublet and quartet with small
CEF splittings. The remaining entropy is removed far above
this temperature.

The high-temperature broad peak can be attributed to
the Schottky anomaly. Such a maximum is typically shown
in magnetic specific heat due to the splitting of the six-
fold degenerate multiplet in Ce3+ ions. For the x = 0 case
(Ce3Ru4Sn13), the Ce3+-ions occupy only the 6d site, and thus
the tetragonal point symmetry at the Ce site splits the J = 5/2
Hund’s rule multiplet of the Ce3+ ions into three doublets.
For Ce3+xRu4Sn13−x systems the analysis of the Schottky
anomaly becomes more complex, as the actual occupancy
of Ce-ions at both the 6d and 2a (cubic point symmetry)
sites must be considered to properly account for CEF ef-
fects. In the present study (0.05 < x < 0.34) the variation
in Cm curves between samples with lowest x and highest
x is about ∼2 J mol−1

Ce K−1, which is comparable to the
uncertainty in Cm estimation. The absolute value of Cm for
Ce3+xRu4Sn13−x compounds is dependent on the actual Ce
concentrations, and is also largely affected by the subtrac-
tion of the nonmagnetic analog La compound. Due to these
uncertainties the absolute value of Cm can vary by as much
as 1.4 J mol−1

Ce K−1. In particular, difficulty in accurately
modeling the nonmagnetic contribution with La3+xRu4Sn13−x
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at high temperatures prevents us from doing quantitative anal-
ysis of Schottky contributions as suggested in Ref. [19]. The
Schottky contributions in CeRuSn3, combined with inelastic
neutron scattering data, are reproduced by considering a 25%
contribution from cubic symmetry and 75% from tetragonal
symmetry: the Ce ions at the 2a site have a quartet as a ground
state and a doublet as an excited state with an energy gap � ∼
95 K, and the Ce ions at the 6d site have three doublets with
energy gaps �1 ∼ 72 K and �2 ∼ 223 K [19].

For x = 0.05, it is reasonable to assume that cubic CEF
effects are negligible, and thus the Cm curve can be analyzed
by considering Ce ions at only the 6d site. The Schottky
contribution is denoted by a solid line in Fig. 11(b), involving
three doublets separated by �1 = 85 K and �2 = 165 K. It is
clear from the figure that the position of the broad maximum
can be reproduced by the Schottky calculation. We expect
that the difference between Cm and the Schottky calculation is
probably due to subtraction error. The Schottky contribution
based on Ref. [19] (dashed line) is also plotted in the same
figure, accounting for CEF contributions from both the 2a and
6d sites. For x > 0.05, the position of the broad maximum
at ∼50 K and the decrease in the absolute value of the Cm

curves can be qualitatively explained by considering CEF
contributions according to the multiplicities of both Ce-site
point symmetries. It has to be noted for cubic symmetry
sites that the systematic change in Cm while varying x cannot
be reproduced by considering the doublet ground state. To
perform more quantitative analysis, it is necessary to have
more reliable composition analysis to obtain actual Ce-ion
occupancies between the 6d and 2a sites and subtract the
nonmagnetic contributions accurately.

At low temperatures, because the absolute value of Cm

is not sensitive to subtracting the specific heat of La-based
compound, it is reasonable to assume that Cm solely consists
of Ce-ions’ magnetic contributions. For x = 0.05, the broad
peak in Cm at ∼3.5 K may have the same origin as the broad
peak observed in the magnetic susceptibility, which is rem-
iniscent of the Kondo effect with degenerate ground states.
With increasing x, the height of the broad peak decreases and
the peak becomes broader. The specific heat measurement of
a previous polycrystalline Ce3Ru4Sn13 sample shows a broad
peak around ∼3 K, where a very large enhancement of C/T
below 8 K accompanied with a broad feature around 2 K is
explained by considering two low lying CEF doublets with
� = 8 K and the Kondo effect with TK = 2 K [18]. Note that
the absolute value of the specific heat of Ce3Ru4Sn13 [18] is
roughly twice bigger than that of x = 0.05. In the present
study, both the width and height of the broad peak for all
x cannot be reproduced by the Schottky anomaly, ruling out
low lying CEF doublets as its origin. In addition, the entropy
recovering R ln(2) at ∼30 K is inconsistent with two low lying
CEF doublets with a small splitting.

For Ce- and Yb-based Kondo lattice compounds, the
Kondo temperature TK and the ground state degeneracy play
important roles in the thermodynamic and transport properties
[43]. The peak observed in χ (T ) and Cm(T ) may be a result
of the orbital effect of total angular momentum J larger than
1/2, as proposed by Coqblin and Schrieffer (C-S) [44]. In this
model the multiplicity N = 2J + 1 of the total angular mo-
mentum plays an important role in stabilizing the Kondo state

FIG. 12. (a) Cm for x = 0.05 and 0.34. Lines represent the predic-
tion of the Coqblin-Schrieffer model for J = 1/2, 3/2, and 5/2 and
T0 = 5, 8, and 12 K, respectively. (b) χ (T )/χ (0) for x = 0.05 and
0.34. Lines represent the prediction of the Coqblin-Schrieffer model
for J = 1/2, 3/2, 5/2, and 7/2.

and raising the Kondo temperature TK . The Kondo impurity
problem in the Coqblin-Schrieffer model has been numeri-
cally calculated for several total angular momenta by Rajan
[33]. Generally specific heat and magnetic susceptibility show
a the maximum for N > 2 and the temperature of the max-
imum is related to TK [33]. The low-temperature Cm curves
for x = 0.05 and 0.34 are compared with Rajan’s calculations
as shown in Fig. 12(a). The maximum in Cm for x = 0.05 falls
between the J = 1/2 and 3/2 curves, indicating that the Kondo
effect combined with CEF splitting scheme will not allow
this very simple type of analysis. By considering the entropy
and the large Cm/T value at low temperatures it is expected
that TK < � for all x, where � is the energy gap between
the ground and first excited states of CEF levels. Based on
this, for x = 0.05, it is reasonable to assume that the maxi-
mum in Cm simply reflects the Kondo effect, with the doubly
degenerate case corresponding to N = 2. For x = 0.34, the
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two extrema in the specific heat data associated with Kondo
effects on the CEF ground states of both the 6d and 2a sites
could be expected. However, only one broad peak structure
is developed. We thus expect that a single broad maximum is
produced by merging more than one peak structure associated
with different Kondo temperatures for the 2a and 6d sites. A
similar analysis can be made by performing a fit to the mag-
netic susceptibility over a wide temperature range. As shown
in Fig. 12(b) the magnetic susceptibility curves for both x =
0.05 and 0.34 cannot be explained by the C-S model with any
J value over the entire temperature range measured. Therefore
we compare the height of the maximum with the C-S model.
When the magnetic susceptibility for x = 0.05 is scaled with
χ0 = 0.031 emu/mole and T0 = 14 K, the broad maximum
can be described by the J = 5/2 case, implying that the state
with N = 6 is Kondo screened and TK > �. However, in the
high temperature regime, the susceptibility curve follows the
C-S model with J = 3/2. This is in contrast with the magnetic
specific heat analysis. Interestingly, when the susceptibility
curve for x = 0.34 is scaled with χ0 = 0.068 emu/mole and
T0 = 4.5 K, it follows the χ (T ) curve of x = 0.05, implying
that there might be a maximum below 1.8 K in χ (T ) for
x = 0.34. Given the above analysis, the CEF splitting scheme
with doublet and quartet ground states will not allow this very
simple type of analysis with the Kondo interaction. It has to
be noted that the maximum in χ (T ) and the metamagnetic-
like transition can be developed with Kramers doublet (N =
2) as evidenced from CeRu2Si2 [41], where the anisotropic
hybridization is suggested to be the origin [45,46]. Further
studies are necessary to understand the origin of the maximum
in χ (T ) and the metamagnetic-like transition in M(H ) for
x = 0.05.

The electrical resistivity, specific heat, and magnetic sus-
ceptibility data suggest that Ce3+xRu4Sn13−x compounds are
heavy fermion Kondo lattice systems with complex CEF
schemes. However, it shouldn’t be discarded the possibilities
that the low temperature physical properties result from mag-
netic fluctuations, disorder, or spin glass. Neutron scattering
and μSR studies on CeRuSn3 suggest that the low tempera-
ture broad peak is related to short-range magnetic fluctuations
or spin-glass dynamics [19,22]. Although no hysteresis is
observed for all samples in this study, the low temperature
specific heat and magnetic susceptibility may result from the
spin glass. The key ingredients for spin glass behavior are
frustration and disorder (randomness). When Ce atoms at 6d
site are considered, the Ce sublattice forms icosahedra, but
distorted. Within each icosahedron, the Ce atoms are located
on isosceles triangles with a distance ∼4.86 Å from the near-
est Ce atoms and ∼5.95 Å from the next nearest Ce atoms.
When three Ce spins are placed on isosceles triangle (not
placed on equilateral triangle), the frustration is not expected
in this system. Therefore the spin glass behavior observed in
earlier studies might be caused by the disorder.

With regard to the disorder, the formation of superstructure
mostly related to the distorted icosahedra in the Yb3Rh4Sn13-
type structure is evidenced [47] and the Ce occupancies at
both the 6d and 2a sites are critical to interpret the physi-
cal properties on Ce3+xRu4Sn13−x system [22]. In addition,
the electrical resistivity of Ce3Co4Sn13 [42] and Ce3Rh4Sn13

[48] show anomalous behavior below the structural phase
transition which is due to a small distortion of trigonal Sn
prisms around transition metal ions. Interestingly, the Weyl
semimetal state is suggested in these compounds, where the
crystal structure becomes a chiral space group I213 below the
structural phase transition [15,49]. Although thermodynamic
and transport property measurements of Ce3+xRu4Sn13−x in-
dicate no noticeable structural phase transition below 300 K,
a weak superlattice formation shouldn’t be neglected because
a polycrystalline Ce3Ru4Sn13 sample shows signs of a weak
structural change in XRD and XPS measurements [26].

IV. SUMMARY

We have grown single crystals of Ce3+xRu4Sn13−x (0.05 �
x � 0.34) with varying Ce/Sn loading compositions, and in-
vestigated their physical properties through measurements of
EDX, powder x-ray diffraction, electrical resistivity, magne-
tization, and specific heat. The compound La3.65Ru4Sn12.35

shows typical metallic behavior down to 2.1 K and undergoes
the BCS-type superconducting transition below 2.1 K. For
Ce3+xRu4Sn13−x, the magnetic susceptibility measurements
show that the 4 f electrons of the Ce3+ ions are well localized.
The electrical resistivity of Ce3+xRu4Sn13−x follows typical
Kondo lattice behavior. Upon increasing x from 0.05 to 0.34,
the absolute value of the resistivity increases and the observed
minimum temperature moves to higher temperature. While
the structural disorder can lead to a significant change in
resistivity value as well as the observed temperature depen-
dence, it cannot explain the Kondo lattice behavior observed
in this study. At low temperatures, magnetic susceptibility
and specific heat show a pronounced broad maximum at
T ∼ 3.5 K for compounds with small x, and the broad max-
imum disappears as x increases. The maximum cannot be
explained by the very simple type of analysis with the Kondo
interaction in conjunction with CEF effects. To understand
the observed thermodynamic and transport properties of the
Ce3+xRu4Sn13−x system, the disordered Ce ions at the 2a site
and fully ordered Ce ions at the 6d sites must be considered.
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