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Doping effect on the electronic structure and thermodynamic properties in Ce;RusSny3
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A comprehensive study of heat and electric transport, magnetic, and electronic structure (experiment and
calculations) properties is reported for a skutterudite-related Ce;RuySn ;3 heavy fermion system with the respective
substitution of Co and Sb into Ru and Sn sites. Ce;RuySn;; is obtained as a heavy fermion system with high
electronic contribution to the specific heat C(T)/T of ~3 J/K?>molc., and a significant Schottky anomaly
below about 10 K. The complex study gives a consistent interpretation of the impact of doping on the crystal
electric-field effect and Kondo temperature. For Ce;Ru,Sn;; we report a field-induced phase transition between
the magnetically correlated heavy fermion phase and the single-ion Kondo impurity state, which does not depend
on the type of dopant. We also demonstrate that doping does not improve the poor thermoelectric properties of

C€3RU4SH13.
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I. INTRODUCTION

Ternary filled skutterudites RM4X |, with rare earth R,
d-electron metal M, and a pnictogen element X (P, As, or
Sb) have attracted much interest because of a variety of
ground states including strongly correlated superconducting
behaviors, and because of their large thermoelectric potential.
A wide variety of these interesting behaviors results from
subtle interplay between magnetic and Kondo interactions [1].
In the critical regime known as a quantum critical point
(QCP), magnetic ordering and Kondo interaction compensate,
therefore the system is at the threshold of an instability
and even weak perturbations, e.g., disorder [2] or structural
instability [3], can cause significant effects by changing the
nature of the quantum macrostate.

Skutterudite-related  stannides  with  stoichiometry
Ce; M4Sn ;3 have received renewed attention (i) because of a
possible presence of QCP [4—6]; (ii) because the La-reference
compounds are proving to be interesting in the context of
nanoscale electronic disorder, which is responsible for an
increase in superconducting critical temperature 7, [2]; (iii)
because Sr;Rh4Sn;; revealed an existence of a novel structural
quantum phase transition [7]; and (iv) because of the impact of
d-electron-type correaltions on their electronic structure [8].

A remarkable feature of the Ce3 M4Sn 3 system is its tunable
nature (see [9]). This offers an opportunity to investigate the
impact of the change of the number of the conduction electrons
in the parent system, e.g., Ce3RuySn;3, by partial replacement
of Sn by Sb or Ru by Co, and/or the effect of an applied mag-
netic field on its ground-state properties. In this work we report
complex measurements and calculations of the electronic
structure, heat and electron transport, and thermodynamic
properties of Ce;RusSn;3; we also discuss the impact of doping
on its ground-state properties. Our comprehensive study
(experiment and calculations) documented for Ce;RusSni3
a field-induced transition between a low-field magnetically
correlated Kondo lattice state and a single-ion Kondo impurity
state observed at the applied magnetic fields B >~ 2.5 T.

While some of the ternary skutterudites RMjX, ex-
hibit well-evidenced thermoelectric properties (e.g., [10]),
in contrast the Ce; M4Sn;3 clathrates are not yet thoroughly
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examined. The significant thermopower of these strongly
correlated compounds has been expected due to the high
gradient of the density of states (DOS) at the Fermi level
(S ~ di}'f), where § is the Seebeck coefficient) as a result
of Kondo resonance, and the cage-type structure. Therefore,
the aim of this work is also to evaluate thermoelectric
properties of Ce3;RuySnj; doped with Co or Sb. Special
emphasis is addressed to crystal electric-field (CEF) splitting,
which determines low-temperature magnetic and transport
properties.

II. EXPERIMENTAL DETAILS

The samples were prepared by arc melting technique.
Spectrally pure elements with stoichiometric mass ratio were
remelted several times on a water cooled cooper heart at
high purity argon atmosphere with an Al getter. To ensure
homogeneity and purity, the samples were annealed at 870°C
for 2 weeks. All samples were examined by x-ray-diffraction
(XRD) analysis and found to have a cubic structure (space
group Pm3n) [11]. Figure 1 shows representative diffraction
patterns with Rietveld refinements. The lattice parameters of
CeszRu,Cos_,Sn;; and CesRuySny3_,Sb, shown in the inset
to the figure increase with doping, which suggests that the
samples are stoichiometric.

Stoichiometry and homogeneity were checked by the mi-
croprobe technique and by x-ray photoelectron spectroscopy
(XPS) analysis. Deviations from the nominal composition
were small.

The XPS spectra were obtained with monochromatized Al
K, radiation at room temperature using a PHI 5700 ESCA
spectrometer. Each polycrystalline sample was broken under
high vacuum better than 6 x 107" Torr immediately before
taking a spectrum.

Electrical resistivity p at ambient pressure was investigated
by a conventional four-point ac technique using a Quantum
Design Physical Properties Measurement System (PPMS).
The PPMS platform was used for thermal conductivity,
thermopower, and resistivity measurements in the temperature
range ~2-300 K.
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FIG. 1. XRD patterns with Mo K, radiation for
CC3C00.5RU3A5SH13 (black 1ine) and CC3RU4SH11'05Sb1‘95 (blue
line) with Rietveld refinement (red line). Inset displays the
lattice parameter a vs x for Ce;RusSn;s;_,Sb, (blue points) and
CesRu, Cos_,Sny;z (black points).

Specific heat C was measured in the temperature range
0.4-300 K and in external magnetic fields up to 6 T using a
Quantum Design PPMS platform. The dc magnetization M and
magnetic susceptibility y were obtained using a commercial
superconducting quantum interference device magnetometer
from 1.8 to 300 K in magnetic fields up to 7 T.

The band-structure calculations were accomplished using
fully relativistic full potential local orbital method (FPLO9-
00-34 computer code [12]), as well as augmented plane-wave
local orbital method [13]. Doping of Sb in Ce3RusSn;3_,Sb,
and Ru atoms in Ces;Ru,Co4_,Sn;3 was studied within the
virtual crystal approximation, using the supercell approach.
The exchange correlation potential V., was used in the form
proposed by Perdew and Wang [14] in both cases. The number
of k points in the irreducible wedge of the Brillouin zone
was 80.

III. RESULTS AND DISCUSSION

A. Electronic structure: Experiment and calculations

In previous works [6,8,15-17] we discussed in detail the
electronic structure at ambient and external pressure of the
stannide family R3M4Sn;3, where R = Ce, La and M = Co,
Rh, Ru. The goal of this work is to show the impact of the
change in the number of valence electrons of the Ce;RusSn3
parent compound on its electronic structure and physical
properties. In order to explain the alloying effect on the band-
structure character, we analyze core-level and valence-band
(VB) XPS spectra of Ce;Ru4Sn 3 partially substituted by Co or
Sb, respectively. Figure 2 shows VB XPS spectra of different
Ce3(Ru,Co)4Sn;3 and Ces;Ruy(Sn,Sb);s alloys, and the cal-
culated total DOSs of Ce3Co4Sn;3 and Ce3;RusSnj; g5Sby gs.
The spectra a — g are very similar and dominated by the
metal M 3d or 4d states (see Fig. 3). The broad maximum
centered at ~7 eV is related to Sn(Sb) 5s states. With doping
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FIG. 2. Valence-band XPS spectra for the samples labeled at
the top of the figure. Also are shown the total DOS calculated for
Ce3C04Sn.3 (a), and C€3RU4SH11_OSSb1_95 (g)
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FIG. 3. Atomic partial DOS for Ce;Ru,Sny 05Sby 5.
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FIG. 4. Effect of Sb doping in Ce;Ru,Sn;3_,Sb, (a) and of Ru
doping in Ce;Ru,Co4_,Sny; (c) on the total DOS. Panels (b) and (c)
exhibit total DOSs near the Fermi level in detail.

of Sb the bands slightly shift to higher bonding energy, which
does not change the shape of the XPS spectra, but strongly
determines the total DOS at the Fermi level, as shown in
Fig. 4 (will be discussed). Figure 5 displays the minority- and
majority-spin Fermi-surface (FS) sheets in the first Brillouin
zone for the system of Ce;Ru,Co4_,Sni3 compounds. The
spin-down and spin-up FS sheets are for Ce;Co4Sn;3 slightly
different, which indicates its magnetic instability when the
long-range magnetic order is experimentally excluded down
t0 0.35 K [5]; for the remaining Ce;Ru, Cos_, Snj3 compounds
both spin-polarized Fermi surfaces are identical. The topology
of the FS of the samples x = 1, 3, and 3.5 may favor nesting
and enhance the Pauli susceptibility (see Sec. III B).

Figure 6 shows the Ce 3d core-level XPS spectra. The
separation of the overlapping peaks is shown as an example
for the sample Ce;RusSn;;7Sb;s. The main components
3d3,4f" and 3d3,4f" exhibit a spin-orbit (SO) splitting,
while the presence of 3d°4 f? SO components results from the
intra-atomic hybridization between the 4 f electrons and con-
duction band. From the intensity ratio 7(f1)/[1(f') + I1(f?)]
one can estimate hybridization energy A, on the basis of the
method proposed by Gunnarsson and Schonhammer [18] with
the accuracy of about 20%. For details we refer to [19]. Energy
Ay = nvcsz (er) expresses the hybridization part of the
Anderson impurity Hamiltonian [20], and V. is the hybridiza-
tion matrix element. The high-energy 3ds ,4 f* and 3d3 )4 f°

components about 11 eV away from the main 3d°4 f! peaks are
not observed in the spectra, which confirms almost localized
character of the 4 f states. A stable Ce®" configuration is also
supported by the Ce 4d XPS core-level spectra shown in Fig. 7,
which do not exhibit satellite peaks at binding energies of
about 118-124 eV (for details, see [21]). The high-energy
XPS d-electron spectra confirm the stable 4 ! configuration
of the f-electron shell, and relatively small hybridization
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FIG. 5. The Fermi-surface sheets of Ce;Co4_,Ru,Sn; in the first
Brillouin zone. Left column corresponds to the spin down; right
column corresponds to spin up. The I point is at the center of the
cubic Brillouin zone. The calculations were carried out for the high-
temperature structure Pm3n.

energy A.r ~ 70-90 meV for CesRusSni3_,Sby, and larger
~110 meV for Ce;Ruy_,Co,Sny3. In Table I we summarize
the data which allowed us to calculate the coupling constant
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FIG. 6. The Ce 3d XPS spectra at room temperature
for Ce;CosSnjz (a), CesRuCo;Snjz (b), CesRuySn;z (c), and
Ces;RuySny; 7Sb; 3 (d), and as an example, a deconvoluted spectrum
for CesRuySn;; 7Sby 3 on the basis of the Gunnarsson-Schonhammer
theoretical model, with spin-orbit components 3d°4 f! (blue line) and
3d°4 £ (red line). The brown dotted line represents the background;
the thick red line shows the fit after deconvolution to the lowest
XPS spectrum. From the deconvolution procedure, the Sn 3s line
contribution at 885 eV (green line) provides about 15% of the total
peak intensity due to 3ds A4S ! final states.

2
Jor = l;i—efﬂ [22]. As shown in Table I only a small amount
of the Sb impurity can lead to stronger Kondo coupling, while
for larger concentration of Sb J.; is equal to that in the
parent CesRuySn;3 sample. For Ce;CosSn;3 doped with Ru

the coupling J.r ~ 30 meV has a similar value.
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FIG. 7. The Ce 4d XPS spectra for Ce;RusSn;; ¢sSb;gs (a) and
Ce;Ru3CoSn,; (b) with no evidence of the 4d°4 f° components.
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TABLE I. Energy A.s, the total density of states N(er) at the
Fermi level, hybridization matrix element V., energy of the maxima
of f-electron states in relation to the Fermi level, and J.; interaction
between the f-electron states and the conduction-band states.

Ay N(er) Ve ler — €l J.
X (meV) eVfuh (meV) eV) (meV)
CegRU4SIl13,X be
0 70 36.2 24.8 0.045 27.3
0.65 85 14.5 42.5 0.032 81.2
1.3 80 23.1 333 0.07 31.7
1.95 90 23.1 35.2 0.07 35.4
C63RUXCO4_XSH]3
0 140 14.3 55.8 0.08 77.9
1 110 16.9 45.5 0.13 32.0
3 110 23.7 38.4 0.08 347

Figure 8 shows the Sn 4d XPS spectra. The reason is as
follows: recently [15] we suggested that the asymmetry of the
Sn 4d spectrum may be associated with the change of local
symmetry of the Sn2 cage due to strong covalent bonding be-
tween metal M and Sn2. In effect of deformation of the (Sn2);,
cages, the local CEF symmetry of the Ce ion in Cez M4Sny3 is
not cubic but lower. We found similar asymmetry of the Sn 4d
lines for all the components of the CezRusSn;3_,Sb, system,
while increasing the Co substitution in the Ru sites makes the
effect more pronounced. We therefore suspect similar CEF
splitting for the family of the Ce;RusSn;3_,Sb, compounds
and much stronger CEF effect for Ce;Ruy_,Co,Sn;3, which
will be discussed in Sec. III B

B. Magnetic properties of Sh- and Co-doped Ce;Ru,Sn;;

The XPS results are related to the following consequences.

(i) The stable configuration of the Ce 4f shell and
weak hybridization energy A, indicates a single-ion Kondo
behavior in the both nonmagnetic Ce;RusSn3_,Sb, and
CesRuy_,Co,Snj3 systems.

(ii) The covalent bonding between Ru and Sn2 atoms (cf.
Sn 4d XPS spectra shown in Fig. 8) leads to deformation
of the Snj, cages, which leads to lower local symmetry of
CEF of Ce®* ions. Similar behavior has been reported for
other R3M4Sny3 compounds [6,8,17]. On the basis of these
assumptions we will interpret magnetic properties.

Figure 9(c) shows the magnetization M versus B isotherms
for Ce3;RusSn;;7Sb;3. They are well approximated by
the Langevin function L(&) = coth(§) — 1/&, where & =
WwB/kpT with total magnetic moment u = 0.9 up (obtained
for the isotherm at 7 =2 K). The magnetization does
not show any hysteresis in the field dependence of M.
The same M(B) behavior was observed for the remaining
Ce3RusSni3_, Sb, and CesRuy—_,Co,Snj3 samples (we noted
for CesRuy_,Co,Snj3 with x > 3 smaller value of u ~
0.7 up; the reason may be a large x( value and the associated
screening effect). Figure 9(a) shows the temperature depen-
dence of the dc magnetic susceptibility, x(7'), and inverse
susceptibility data, 1/, for Ce3RusSn3_,Sb, (x = 0.65 and
1.3). The experimental 1/x(T') data are well approximated by
the CEF model considering the tetragonal Ce point symmetry,
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FIG. 8. The Sn 4d XPS spectra for Ce;Ru,Sny;_, Sb, (a) and for
Ce3Ruy_,Co,Sny3 (b). The inset shows the calculated Sn 4d DOS.
Note, the intensity of the Sb 4d line increases with increasing amount
of Sb, as expected.

where the J = 5/2 multiplet of the Ce*" ion splits into
three doublets separated from the ground state by energies
A;~ 11 K and A; = 110 K, respectively. The Van Vleck
fitting formula supplemented by the temperature-independent
Pauli contribution y, takes the form [23]

Nawy X (F +bi)exp(57)
kg > exp(;B—AT’)

where summations run over all i states of energies
E; and A; = E; — Ey, Ny is the Avogadro number, kp
is a Boltzman constant, and xo ~ 6 x 107* emu,/molc,.
Figure 9(b) shows x(7), and inverse susceptibility data, 1/x,
for Ce3CosRuSn;3. Very similar x(7") plots were obtained for
remaining Ce;Ruy_, Co,Sn;3 compounds, however, we noted
different splitting of the J = 5/2 multiplet in the series than
the respective crystal-field level scheme of Ce;RuySn3_,Sb,
samples. Namely, for sample x = 1, A} = 10K, A, =245K;
forx =3 A; =135K, A, =471 K; and for x =3.5 A, =
11.5K, A, = 500K, and xp &~ 5 x 1073 emu/molc..
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FIG. 9. (a) Magnetic susceptibility x of Ce;RuySnj;_,Sb, in
external field of 1000 Gs. The solid red line represents the CEF fit to
1/x data for the two excited doublets separated from the ground-state
doublet by energy A; = 12 K for x = 0.65 and 11 K for x = 1.3,
and A, = 117 K (x = 0.65) and 110 K (x = 1.3), respectively. The
deviation of 1/x from the fit observed above ~200 K is due to
structural deformation (see [15]). In panel (b) the Van Vleck formula
is fitted to x and 1/x data measured at magnetic field of 1000 Gs
for the Ce;Ru,Co4_,Sny3 samples. The total CEF splitting of two
doublets is about 245 K for sample x = 1, 470 K for sample x = 3,
and 500 K for sample x = 3.5. Panel (c) displays magnetization M
per Ce atom vs magnetic field B measured at different temperatures
for Ce;RuySny; 7Sb; 3. The solid lines are fits of the Langevin function
to the magnetization data. Very similar M vs B isoterms are obtained
for remaining compounds.

The yo value for Ce;CosSn 3 doped with Ru is one order
of magnitude larger than that obtained for Ce;RuySn;3_,Sb,
alloys. Considering the similar values of N(er) and J.; (see
Table I) for both series; the larger y, signals here have stronger
correlation effect and/or topology of the Fermi surface.

Figures 10 and 11 display the low-temperature specific
heat of CezRuySn».35Sbg s and Ce;CoszRuSn; 3, respectively,
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FIG. 10. C(T)/T vs T for CesRuySn;35Sbg6s. The inset shows
C(T) data and the fit of the resonance level model to the experimental
data.

as C(T)/T. Figure 12 compares the C(T)/T data at B =0
for all investigated samples. The large value of C(T)/T ~ 4
J/K? molc, for T — 0 is typical for the family of ternary
Ces; M4Snj3; compounds. At the low-T7 limit, however, C/T is
strongly reduced when Sn is partially replaced by Sb atoms,
while Co doping does not significantly change the high value
of C/T. The Ce3;Co4_,Ru,Sn;; samples with x % 0 show,
however, at about 3 K a clear Schottky contribution to C
arising from the CEF scheme with small energy A; ~ 10 K
[24]. The insets to Figs. 10 and 11 display C(T') at different
magnetic fields. In order to estimate the characteristic Kondo
temperature scale we adopted the resonant-level model as

3 1 1 1 1
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FIG. 11. Ce;CosRuSn3; C(T)/T vs T for Ce;CoszRuSn;; at
different magnetic fields B. The inset shows C(T) for different B
[open points, plotted with the same colors as C(T")/ T, respectively]
and the fit of the resonance level model to the experimental data.
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FIG. 12. C(T)/T vs T (B = 0) for different Ce;Ru4Sn;3_,Sb,
and Ce;Co4_,Ru, Sn;; samples.

introduced by Schotte and Schotte [27]. This model assumes
a narrow Lorentzian DOS at ¢y with a width Ax ~ Tk,
where Tk is the Kondo temperature. Within this model the
Kondo-impurity contribution AC with effective spin S = 1/2
is described by the formula

2SAk

AC = ks i — 2kp
| s
x 1//<1 + W(zs + 1))
()

where ' is the first derivative of the digamma function,
Ak /kp is of the order of T, and R is the universal gas
constant. A least-squares fit of expression C(T) = yT +
BT? + AC to experimental data at B = 0 (cf. Figs. 10and 11),
together with the electron (y,T) and phonon (BT?) contri-
butions gives Ag/kg = 1.4 K (y = 0.135 J/K? molc., B =
0.0023 J/K* molc.) for Ce3CosRuSn3 and Ag/kg = 5.2 K
for Ce3Ru4Sn12_35Sb0.65 ()/ = 0.054 J/K2 molCe, ,3 = 0.0006
J/K* molc,). Since the Kondo temperature Tx ~ 1.5 K has
been characteristic of the known ternary Cez M4Sn;3 systems,
Tx of about 5 K seems to be unusual. Our XPS data and DFT
calculations documented, however, an especially large value
of the J.; coupling constant for CesRusSnj35Sbges, three
times larger than J.; of the other samples listed in Table I,
which correlates well with large Kondo temperature since
Tx ~ |JerN(ep)|. Extrapolation of the T + B T3 behavior
yields a Sommerfeld coefficient 3y = 0.656 J/K?>mol and
Debye temperature 8, = 200 K for Ce3RusSn2.35Sbg 65, and
Yo = 0.830 J/K? mol and Debye temperature 6, = 178 K for
Ce3CosRuSn;3. The fitting parameter Ak is field dependent
and increases with the magnetic field B; this behavior is
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FIG. 13. Kondo temperature Tx = Ak /kp vs magnetic field for
Ce;CozRuSn 3 determined on the basis of the Kondo resonant-level
model.

characteristic of the single-ion Kondo system [28]. In Fig. 13
the level width Ak /kpg of Ce3;CozRuSn;3 is found to increase
with B from the value of 1.4 K (B = 0)t04.2K (B = 7T).Itis
worth noting, however, a sharp change of Tk in the critical field
of ~2.5 T. This unusual behavior suggests the field induced
novel phase transition. Indeed, recent reports [5,24-26] have
suggested Ce3;Co4Sn;3 to be near a magnetic QCP. Namely,
with increasing of B the system evolves from a magnetically
correlated Kondo lattice state to a single-ion Kondo impurity
state at about 2.5 T; however, in between these two regions a
non-Fermi-liquid behavior has not been explicitly found [5].
A kink in the Ak /kp versus B dependence shown in Fig. 13,
also found in Ce3RuySn;; ¢5Sby 95, signals such a field-induced
phase transition between the magnetically correlated HF
phase and the single-ion Kondo impurity state. Moreover,
this field-induced transition does not depend on the type of
dopant. It seems that the abnormal Ag /kpg versus B behavior
is typical of the other isostructural Ce;M4Sn;3 stannides with
the observed similar magnetic-field-dependent heat capacity
as that displayed in Fig. 13, e.g., analogous field-induced
phase transition has been recently documented for the series
of Ce;_,La,Rh4Sn;3 and x > 1 compounds [16] with almost
identical Ak /kp versus B abnormal change at the field ~2.5 T.
Recently, we have documented experimentally [16] that with
increasing of the La doping the Ces;_,La,RhsSn;3 system
evolves from magnetically correlated HF state to a single-ion
Kondo impurity state near the critical concentration x, ~ 1.

C. Thermoelectric properties of Sb- and Co-doped Ce;Ru,Sn;;

The Seebeck coefficient S(7) of CeszRusSnys,
Ce;Co3RuSn;3, and CezRuySnj;os5Sbyos is displayed in
Fig. 14. The absolute values of S are much smaller than
those expected for strongly electron correlated material.
Around 80 K (Ce3;RuySn;j3) and 130 K (Cez;CoszRuSn;3)
the thermopower exhibits a broad peak, which may be
caused by the CEF splitting of the Ce** ground state.
Then the total CEF splitting Acgr is estimated to be about
240 or 390 K, respectively, as scattering from an excited
level of Ce®" generates a positive contribution to S with a
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FIG. 14. Temperature-dependent thermopower S of Ce;Ru,Sn;3,
CC3CO3RUSI’113, and CC3RU4SI’1|1'05Sb].95.

maximum at about Acgr/3kp [29]. This simple estimate of
the CEF structure also gives satisfactory description of the
magnetic susceptibility and specific heat for both compounds.
Common to these compounds is a minimum at about 10 K
with negative thermopower and at elevated temperatures a
crossover to positive value. The positive S(7") values signify
that hole-type carriers dominate thermoelectric transport.
Actually in Ce3Co4Snj3 and CesRusSnj; the bands form
the holelike Fermi surface along ' — R — M, I' — M, and
X — M directions [17], which can contribute to heat transport
properties. The largest positive values of S observed at
T =2 K are attributed to Kondo-type interaction that is
reflected by the large C/T value below Tx =~ 1.5 K. The

300 | 3: 1 - L 1 -
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FIG. 15. Thermal resistivity W and thermal conductivity
k (inset) for CezRusSnj;, LasRuySnj;, Cez;Cos;RuSnj;, and
CesRusSny; 05Sby o5 in temperature range 2 and 300 K. The calculated
electron thermal conductivity is represented by the dotted lines.
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FIG. 16. The figure of merit for Ce;Ru;Sn;3, Ce;Co3RuSn;3, and
CesRuySnyy 05Sby os.

Seebeck coefficient of the Sb-doped Ce;RusSnijosSbigs
sample also shows similar crossover to positive value at ~80 K
upon heating, and S increases linearly with temperature,
which is typical for metals; however, it does not show any
feature resulting from CEF effect. Figure 15 shows the
temperature-dependent thermal conductivity « and thermal
resistivity W for Ce;RuySn;3, LazRusSn;3, Ce;CosRuSn3,
and CesRusSnj; ¢sSbyos, respectively. The value of both
quantities varies with doping. Taking into account the
Wiedemann-Franz law, the total thermal conductivity «(7")
can be separated into the electronic part «, and the lattice part
kpr. Results are presented in Fig. 15 as solid and dotted lines
for «xp, and k., respectively. A good thermoelectric material
needs total « as small as possible; this is, however, not the
case. There are several reasons to explain a relatively good
thermal conductivity in these materials. The most significant
is the effect of rattling atoms strongly (or completely) reduced
by the strong covalent bonds inside the Snl(Sn2);, and
Ce(Sn2),, cages (see Sec. III B, also [8,16]). Moreover, the
effective heat transport scattering mechanism increases with
alloying, which leads to similar decrease of total « with
doping of CesRu4Snj3 by Co or Sb. However, comparing
k(T) of the doped Ce;Ru3;CoSn;; with that of the analogous
nonmagnetic LazRusSn;; reveals similar values of both; this
suggests also the additional process of scattering of the charge
carriers on the Ce magnetic ions in the disordered lattice.
The estimate reveals that the phonon thermal conductivity is
much larger than the electron one. The very low values of
electronic conduction of heat, clearly visible for the doped
Ces;Ru3CoSny3, can be associated with an effective scattering
mechanism impeding the heat transport of electrons, and/or
with a low DOS at the Fermi energy (see Table I). Figure 16
exhibits the calculated figure of merit in temperature range 2
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and 300 K, which is much smaller than expected [10,31,32]
for the family of the Ce;M,Sn;; filled cage compounds. We
also found that granulation does not effect ZT [30] much. The
materials considered for thermoelectric application should
exhibit value for the figure of merit ZT = S*T/(kp) at least
of the order of 1 (p is electrical resistivity).

IV. CONCLUDING REMARKS

The present study shows that the ground-state properties of
Ces;RuySnj; are substantially determined by crystal electric-
field splitting of the J = 5/2 total angular momentum. The
susceptibility can be well described in terms of the CEF model
considering the tetragonal Ce point symmetry, where the J
multiplet of the Ce ion splits into three doublets with the
low-lying one first, about A; &~ 10 K above the ground-state
level. The structural deformation of the Sn2, cages as a result
of strong covalent bonding between Sn2 and atom M evidently
correlates with asymmetry in shape of the Sn 4d core-level
XPS spectra. The evidence for the covalent bondings from
experiment and electronic band-structure calculations strongly
determines the poor thermoelectric properties of the family of
R3M,4Sn; 3 skutterudite-related materials.

The Kondo temperature Tx has been obtained as ~1.5 K
for most of the ternary Ce; M4Sn;3 compounds. We found that
the doping does not change Tk significantly, excluding the
case of CezRusSnj;35Sbg s, where the value of the DOS at
the Fermi level is calculated almost twice larger, which results
in much stronger Kondo coupling with Tx ~ 5 K. On the
basis of complementary investigations supplemented by the
band-structure calculations we explained the impact of doping
on the magnetic susceptibility of Ce;Ru,Co4_,Sn;; and
CesRusSnj3_,Sb,. Namely, doping with Sb atoms practically
does not change x(T), while in Ce3;Co4_,Ru,Sn;3 magnetic
susceptibility strongly depends on the amount of Co, and the
Pauli paramagnetic contribution to y is measured one order of
magnitude larger.

An interesting observation is the novel field-induced phase
transition between the magnetically correlated HF phase and
the single-ion Kondo impurity state in Ce3RusSn;3, previously
suggested for Ce;CosSn;3 [5]. We have shown that this field-
induced transition does not depend on the type of dopant.

Literature data have not shown yet a significant thermoelec-
tric effect for most of the known Ces; M4Sn 3 compounds. We
found the poor thermoelectric characteristics of CesRuySny3
and confirmed that the doping can only slightly increase ZT
value, but the effect is not significant.
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