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Recently, it was reported that the skutterudite-related Ce;RhySn;; heavy fermion compound has a large
electronic specific heat coefficient C(7)/T and short-range magnetic correlations, both suggest a possible
quantum critical point (QCP). We present the low-temperature specific heat, resistivity, and susceptibility of
Ce;_,La,RhsSn;3, which do not confirm the presence of QCP. X-ray photoelectron spectroscopy revealed a stable
configuration of Ce atoms consistent with magnetic susceptibility data. Magnetic susceptibility shows that the
sixfold-degenerate multiplet of Ce3* ion splits into three doublets due to the lower local symmetry of CeSn,, cage
in the cubic Ce, ,La,Rh;Sn;; compounds. The resistivity, specific heat, and susceptibility data are consistent
with our band-structure calculations. The chemical bondings in the unit cell of Ce; ,La,Rh4Sn;3, analyzed based
on the difference charge density maps from band-structure calculations within the virtual crystal approximation
explain the deformation of the cages and the crystal electric field properties of the system.
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I. INTRODUCTION

Comprehensive studies of both electronic band-structure
and low-temperature physical properties of Ce-based heavy
fermions are of fundamental importance in the last few decades
for understanding of their thermodynamic and transport char-
acteristics. The important cause of various and novel ground
states is the transition between the itinerant and localized char-
acter of heavy electrons, the nature of this itinerant-localized
f-electron evolution seems to be an outstanding problem in
the strongly correlated electron systems. As a good example, a
metal-insulator transition of the Mott-Hubbard type represents
such a behavior, since it exemplifies a transition from well
defined localized atomic states to delocalized Bloch- or
Fermi-liquid-type of states [1] under a relatively small change
in temperature, alloy composition, or pressure. Localized f
electrons have a tendency to form magnetically ordered states
with an exchange interaction of RKKY type, while the itinerant
character arises from the Kondo effect with a spin singlet. Very
interesting is the case near the quantum critical point (QCP)
where the itinerant and localized character compensates, and
near-equivalent Kondo and magnetic ordering energy scales
provide an opportunity to test our understanding of the inter-
play between these competing interactions. Recently, it was
found that the skutterudite-related CesM4Sn;3 heavy fermions
(M = Co and Rh) show a behavior characteristic of the Ce-
based materials with comparable Kondo and magnetic energy
scales. Specific-heat, magnetic susceptibility, and electric
transport data indicated for both compounds low-temperature
antiferromagnetic correlations (without long-range magnetic
order) and Kondo effect with a Kondo temperature of about
1.5 K [2,3]. Moreover, a large electronic specific-heat co-
efficient C(T)/T has suggested that both Ce;Co4Sn;3 and
CesRhsSn ;3 can be near a magnetic QCP [4]. For that reason,
these materials are interesting for detailed investigations of the
electronic structure and its consequences on electric transport
and low-temperature thermodynamic properties. In order to
study the expected quantum criticality of Ce3;RhsSnj3, we
investigated the low-temperature specific heat and resistivity
of CesLa,RhySn;; and showed that partial substitution of
Ce by larger La does not induce any long-range magnetic
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order in the system, although the unit-cell volume increases
linearly with increasing x, and the low-temperature behaviors
are not characteristic of the QCP. We, however, found that
with increasing of La content the system evolves from a
magnetically correlated Kondo lattice state to a single-ion
Kondo impurity state. To understand the specific heat data
and the complexity of the Ces ,La,RhsSn;3 system, we base
our analysis on the Anderson [5] and Kondo [6] theoretical
models. To gain deeper insight into the character of the Ce 4 f
states, we present x-ray photoemission spectroscopy (XPS)
spectra and analyze the hybridization strength between the Ce
4 f shell and the conduction states. The valence-band (VB)
XPS spectra we compare with the ab initio band-structure
calculations. The chemical bondings between different atoms
in the unit cell of Ces_,La,Rh4Sn;; are analyzed based on the
difference charge density maps obtained from band-structure
calculations within the virtual crystal approximation (VCA).

II. EXPERIMENTAL DETAILS

The Ce;RhySnj3 and LazRhsSn;; samples were first pre-
pared by arc melting weighed amounts of each component. The
dilute Ce;_,La,RhsSn,3 alloys were then prepared by diluting
nominal compositions of the parent compounds. To ensure
homogeneity, each sample was turned over and remelted
several times and then annealed at 870 °C for 2 weeks.
All samples were carefully examined by x-ray diffraction
analysis and found to be single phase with cubic structure
(space group Pm3n) [7]. As shown in Fig. 1, the unit cell
contains two formulas of Ce;RhysSn;3; with Snl, Ce, Rh,
and Sn2 atoms occupying the 2a, 6d, 8e, and 24k sites,
respectively (only the Sn2 atoms are not located at the most
stable positions). XRD data were refined using FULLPROF
program [8] with pseudo-Voight line shape. The conventional
Bragg factors R of the structure refinements were all smaller
than 0.05. A refinement of the Bragg peaks in the scattering
angle range 10° < 26 < 100° yield the lattice parameter
a for each component x with an accuracy ~3 x 10~ A.
The x-ray diffraction pattern obtained for Ce;RhsSn;3 was
presented recently [9], the room-temperature XRD on the
Ces.yLa,RhySny3 are similar. Figure 2 displays a versus x
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FIG. 1. (Color online) The unit-cell structure of CesRh,Sn,3. Ce
atoms are shown as larger green balls, Rh atoms as red balls, Sn2 are
gray, and Sn1 are dark green balls.

obtained from the room-temperature data collection, with
an error bar determined by the experimental accuracy of
AB = 0.005° for each XRD pattern. The lattice parameters
of Ces La,Co4Sny3 follow Vegard law, which suggests that
the samples x are good quality and stoichiometric.

Electrical resistivity p was investigated by a conventional
four-point ac technique using a Quantum Design Physical
Properties Measurement System (PPMS). Electrical contacts
were made with 50-um-gold wire attached to the samples by
spot welding.

Specific heat C was measured in the temperature range
0.4-300 K and in external magnetic fields up to 9 T
using a Quantum Design PPMS platform. Specific-heat C(T')
measurements were carried out on platelike specimens with
masses of about 10-15 mg utilizing a thermal-relaxation
method. The dc magnetization M and magnetic susceptibility
X results were obtained using a commercial superconducting
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FIG. 2. The lattice parameters of Ces La,RhsSn;3 measured at
300 K vs concentration of La (x).
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quantum interference device magnetometer from 1.8 to 300 K
in magnetic fieldsup to 7 T.

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

The band-structure calculations were accomplished using
the fully relativistic full potential local orbital (FPLO) method
(FPLO9-00-34 computer code [10]) within the local spin density
approximation (LSDA). The exchange correlation potential
Ve was used in the form proposed by Perdew and Wang [11].
The number of k points in the irreducible wedge of Brillouin
zone was 20 for each component of the series, due to a large
volume of the unit cell this number was found sufficient
to obtain well converged results. The spin-orbit interactions
considered within fully relativistic calculations reduce the
symmetry of the magnetic unit cell depending on the chosen
magnetization axis. In our calculations we used (0,0,1) as the
chosen direction of the magnetization axis. The charge density
was evaluated ona 52 x 52 x 52 point grid within the unit cell.

III. RESULTS AND DISCUSSION
A. Electronic structure: experiment and calculations

Recently [12], we presented the electronic structure of
CesRhy4Sny3 and LasRhySny3, here we are more concentrated
on the band structure of the Ces_,La,RhsSn;3 alloys in order
to explain the influence of alloying on the covalent bonding
between the atoms in the unit cell. Valence band (VB) XPS
spectra are shown in Fig. 3(a). The spectra are very similar
for all components of the series, which suggests that the
Ce 4f states should give only a small contribution to the
measured VB XPS spectra. Figure 3(b) shows the calculated
total spin-resolved densities of states (DOS) obtained for
Ce;_La,RhySn;3 within LSDA approximation. The results
confirm small f-electron contribution to the measured spectra
as compared to the other VB states, therefore such a slight
signal of f-electron origin can not be distinctly detected.
Consequently, the VB XPS spectra are not decisive with
respect to the localization of the 4 f states in the valence
bands of Ce;La,RhsSn;3. The most intense peak in VB
XPS originates mainly from Rh 44 states, there are also some
contributions from the Sn 5 p electrons, and from the effect of
hybridization between Rh d electron and Sn p-electron states.
The second broad and weak maximum centered at ~7 eV is
related to photoemission from Sn 5s states.

The Ce-3d core level photoemission is more useful to
demonstrate the nature of localized/delocalized character of
the Ce 4 f states in Ce-based intermetallics owning to strong
Coulomb interaction between the photoemission core hole and
the electrons located near the Fermi level. This coupling results
in a complex structure of the Ce core level 3d XPS spectra, as
aresult we observe the main 3d; ,4 /' and 3d3 ,4 " spin-orbit
components of the final states associated with the stable
configuration of the Ce- f shell (Ce**) and the contributions
3d°4 0 and 3d°4 f? due to the on-site hybridization between
the f-electron states and the conduction band. The presence of
the contribution 3d°4 £ indicates an intermediate character of
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FIG. 3. (Color online) Ce;s.La,Rh;Sn;; valence-band XPS
spectra (a), which show very similar structure. The VB XPS
spectrum of Ce; sLa; sRhySny; is compared with the calculated total
and spin-resolved density of states within LSDA approximation. The
TDOSs are also shown for selected compounds of the series. We note
that the energetic distribution of the electronic states is almost not
x-dependent, while the location of empty f-electron states evidently
depends on alloying.

the Ce ions, while 3d°4 f 2 reflects the hybridization strength,
A = V2N (er). Figure 4 displays the Ce 3d XPS spectra for
selected Ce;_,La,RhsSn;3 compounds.

The quantitative analysis of the 3d XPS spectra was
performed based on the Gunnarsson and Schonhammer (GS)
theory, for details see Refs. [13—15]. The analysis of the
intensity ratios of the components obtained from deconvolu-
tion allowed for the determination of valence (the occupation
number of the 4 f shell, n ; = 1, suggests a stable configuration
Ce** of the 4f shell in the series of Ces..La,RhsSn;3
compounds with x < 3) and hybridization energies A of about
70 £ 20 meV. The small energy A points to the well-localized
character of the Ce 4 f states in the system.

Recently [12], the difference charge density analysis
displayed in Ce3;Rh4Sn;3 charge accumulations between Rh
and Sn2 atoms, which implies a strong covalent bonding
interaction. The second type of charge accumulations was
calculated between the Sn2 atoms with possible contribution
from the surrounding Ce atoms and one Snl atom. We also
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FIG. 4. (Color online) Ces La,RhsSn;s; the Ce 3d XPS spec-
tra measured at the room temperature. The XPS spectrum of
Ce;sLa; sRhySny3 is deconvoluted, based on the Gunnarsson-
Schonhammer theoretical model and displays SO components
3d°4f" (blue line), 3d°4 f* (red line). The Sn 3s peak at 885 eV
provides ~15% of the total peak intensity due to 3d2 A4S ! final states
(green line). The solid yellow line shows the fit after deconvolution
to the XPS data.

suggested [9] a connection between this charge accumulation
in the bonding of nearest-neighboring Sn2 and Rh atoms,
leading to a local distortion of the Sn2 cages, which then
modifies the electronic structure and divers physical properties
of Ce3;RhsSnj3 and similar compounds. In this work, we
investigate the charge accumulation around Ce, Rh, and
Sn atoms when the Ce atomic positions are systematically
substituted by La. We have calculated the 3D charge density for
different components x of the Ce; ,La,RhsSn;3 series using
virtual crystal approximation and FPLO method. Calculations
were performed for an effective rare-earth (RE) atom, which
had atomic number Z =57 + 37" The following figures
represent a linear interpolation of charge density across various
directions within the unit cell, based on a 52 x 52 x 52 grid.
Figures 5-8 show the difference in charge density Ap,,
which represents the difference between the crystalline elec-
tron density of an Ces ,La,RhsSn;3 alloy and the 3D electron
density of La;RhySny3 to illustrate the reorganizing of charge
distribution accompanying the bond formation in the system of
Ces.,La,RhsSn;; compounds. Figure 5 shows the result in the
case of Ce;_La,RhsSn;3 along the bonding line A indicated
in Fig. 1. As can be expected, the charge density located on Ce
atom is proportional to (3 — x), which means that La doping
decreases the charge density located on the 6d sites. More
interesting is the difference charge density fluctuation between
Ce atoms, generated by the nearest Sn2 atoms. The amplitude
of the charge fluctuation is small, we therefore plot A,oel/ 4
to extend the effect. Figure 6 displays the variation in Ap,
charge density along the bonding line C between Snl and Sn2
atoms. The significant charge accumulation is inside the cage
Sn1(Sn2);, between Snl and Sn2 atoms, which implies weak
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FIG. 5. (Color online) Ce;,La,RhySn;; charge density Ap!/*
near Ce plotted along line A (line A is drown in Fig. 1). The left and
right insets displays the charge accumulation Ap, and Ap,/Apr®
on the rare-earth atom position 6d, respectively, vs La doping, where
Ap;™ represents the maximum value of difference charge density
obtained for Ce;RhsSn;3.

covalent bonding interaction. Figure 7 shows the variation
in Ap, charge density along the bonding line B between
Sn1-Rh-Snl atoms. For all components of Ce;_La,RhsSn;3
with x > 0, the difference charge density on Rh is negative and
strongly x-dependent, the maximum negative value of Ap,
is obtained for Ce;RhsSn;3. Simultaneously, a high charge
density accumulation is observed between Rh and Sn2 atoms
(c.f. Figs. 6 and 8), which supports the shift of the charge
from the Rh atom to inside the Sn2 cage. Figure 8 shows
the map of Ap, in the plane (OO%) displayed in Fig. 1.
It is clearly visible as a high charge density between Rh
and Sn2 atoms, which implies a strong covalent bonding

06+—1F— +—— T

Ap, (e/A%107)

FIG. 6. (Color online) Ces La,RhsSn;; charge density Ap, plot-
ted along line C (line C is drown in Fig. 1) between Snl and
Sn2 atoms. The inset displays the charge accumulation Ap, and
Ap./Ap;*™ located between Sn1 and Sn2 vs La-doping, where Ap"**
represents the maximum value of difference charge density obtained
for Ce3Rh4Sn13 .
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FIG. 7. (Color online) Charge density Ap, plotted along line B
(line B is drown in Fig. 1) representing the nearest-neighbor Sn1-Rh-
Sn1 bonding. The inset displays the charge accumulation Ap, /Ap™

vs La-doping, located on Ce, Rh atoms and in the middle of Sn1-Snl
distance.

interaction. The bonding features among Rh and Sn2 atoms
as well as between Snl and Sn2 could cause deformation of
Sn1(Sn2);, and Ce(Sn2);, cages, this is indeed observed for
Ce3RhsSnj3 and similar compounds [9]. A subtle structural
transition from a cubic phase to the superlattice variant at about
160 K was observed with accompanying distinct anomalies
in the electrical resistivity [3], magnetic susceptibility, and
specific heat [9,16], and quantum criticality [17]. In this
paper, we are focused on the low-temperature properties of
Ceg_XLath4Sn13.

B. Magnetic properties of Ce;..La,RhySn;

The core-level Ce 3d XPS spectra give evidence for the sta-
ble Ce3* ion configuration in the system of Ce; ,La,RhsSn;3
alloys, also a relatively small on-site hybridization energy A
eliminates the valence fluctuation effect of Ce. Our complex
research indicates a single-ion Kondo behavior and shows that

110°
0.75-10°

0.50.10°

0.25-10°

FIG. 8. (Color online) The difference charge densities Ap,
(electron/ﬁ‘ﬁ) for the plane (00%) of Ces.La,RhySn;; provided with
a legend. The charge density maps reveal that the strongest charge
accumulations are located between Rh and Sn2 atoms.
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FIG. 9. (Color online) Magnetization M per formula unit
vs magnetic field B measured at different temperatures for
Ce, gsLag 1sRh4Snys and Ce; p5L.a; 75RhySny3. The red solid lines are
fits of the Langevin function to the magnetization data at the lowest
temperatures.

the weak magnetic correlations of Ce magnetic moments in the
cerium reach Ces ,La,RhysSn;3 samples. Our interpretation
of the magnetic data is based on the results from spin-
polarized band-structure calculations, which showed a weakly
magnetic ground state of Ce3RhsSnj3. Also, the calculated
from the charge density analysis covalent bondings between
Rh-Sn2 and Sn1-Sn2 atoms suggest deformation of the Snj,
cage, which will be used for interpretation of the magnetic
susceptibility x (7") data.

Figure 9 shows the magnetization M vs B isotherms for
Ce, g5Lag 15RhsSn 3 and Ce; »5L.a; 75Rh4Sny3 characteristic of
the paramagnets. They are well approximated by the Langevin
function L(£) = coth(§) — 1/&, where & = uB/kgT with
total magnetic moment u &~ 1 up at T = 1.8 K and do not
show any hysteresis in the field dependence of M. We note
that the magnetization M is well approximated by the Langevin
function for the all components of the Ces ,La,Rh4Sn;; series
with x # 0. Figure 10 shows the temperature dependence of
the dc magnetic susceptibility x and inverse susceptibility
data, 1/ x, for chosen samples of the Ce;_,La,RhsSn;s series,
measured in a magnetic field of 1000 Gs. The curvature in
1/x as well as a high-temperature effective moment slightly
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FIG. 10. (Color online) Magnetic susceptibility x and 1/x of
Ces La,RhySn;; in external field of 1000 Gs. The red line represents
the CEF fit to 1/x data for Ce,gsLag5RhySnj3, with the two
excited doublets separated from the ground-state doublet by energy
A; =40.5K and A, = 280.5 K, respectively. In the inset, the dotted
line shows the CEF fit to x(7') data for the ground-state doublet (I"'7)
and excited quartet (I'g) separated by 107 K.

smaller than the value 2.54 up expected for Ce** ion suggests
the presence of both the crystalline-electric field (CEF) and
Kondo effects. In a cubic environment, CEF will split the
sixfold-degenerate Ce Hund’s rule J = 5/2 into a I'; doublet
and a I'g quartet [18]. An entropy analysis of the specific heat
data (which will be discussed later) suggests the I'; doublet as
a ground state and a low-lying excited state. The fitted CEF
susceptibility is given by the expression

N(gsup)? 1 — e PBm
xeer = 5 | D ml i) P e
m#n
+> |<n|Ji|n>|2ﬂe“"> + Xo- 8))

where g, is the Lande g factor, E, and |n) are the nth eigen-
value and eigenfunction, respectively, J; is a component of
the angular momentum, and A,,,, = E, — E,;, Z = Zn e PEn
and B = 1/kgT. In Fig. 10, this scenario (i.e., I'; — I's CEF
splitting) does not fit well the x (T') data (the best fit represents
the dotted line in the inset to the figure). The experimental
x(T) and 1/x(T) curves can be, however, well described
in terms of CEF model considering the tetragonal Ce point
symmetry, where the J = 5/2 multiplet of Ce** ion splits into
three doublets separated from the ground state by energies
A1 ~ 40K and A, =~ 300 K, respectively, and xo =~ —0.00025
emu/mol. The Van Vleck formula supplemented by the
temperature-independent Pauli contribution x, takes the form

Nup X (F +bi)e ™
kB Z,’ gieiﬁA"

where summations run over all i states of energies E;
and A; = E; — Ey, and kp is a Boltzman constant. Each

thermally populated level contributes to the susceptibility:
(i) by the low-frequency term, otherwise orientation, diagonal,

XCEF = + Xo, (2)
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FIG. 11. (Color online) Magnetic susceptibility X of
Ce,gsLag15sRhySn;3 vs external magnetic field. The lines represent
the fit of the resonance level Kondo model.

or Curie term a;/T, or (ii) by the high-frequency term,
otherwise polarization, off-diagonal, or Van Vleck term b;.
The first is the manifestation of the presence of a permanent
magnetic moment (existing without the applied magnetic
field), the second contribution is of polarization origin, and
the corresponding magnetization is a sum of small induced
moments that are collinear with the external field [19]. Fitting
this expression to the experimental 1/x data (c.f. Fig. 10)
yields the energy A; =40.5 K and A, =280.5 K for the
sample Ce; gsLag 1sRhsSn;3, and similar CEF splitting for the
other x components of the series. These A; and A, values
are in reasonable agreement with that obtained from a neutron
scattering study [20] and findings of Gamza et al. [12].

The low-temperature magnetic susceptibility as a function
of T for various magnetic fields is plotted in Fig. 11. The
x(T) data are well approximated by resonance level Kondo
model [21]. This model has a resonance of Lorenz shape and
width A at the Fermi energy, which is roughly equal to the
Kondo energy kg Tk . Within the Kondo resonant-level model
the susceptibility is expressed by

(gmp)? 21 A+igupH
= =" _Re{(2S +1 1+ ——————@2S + 1
32k T e12S+ Dy 1+ YkaT @2s+1
/ A+lgMBH
— 1+ —=""" ), 3
w( AL )} @)

where v is the first derivative of the digamma function.
The fitting parameter A is field dependent and increases
with increasing the field, which is typical for the single-
ion Kondo system [22]. The level width A/kg, e.g., for
Ce, gsLap 1sRhySn;3 is found to increase with magnetic field
from 1.3 Kto A/kp =42KforB=7T.

Figure 12 shows the specific heat of Ce; ,La,RhsSnj3
below 10 K as C(T)/T. The large value of C(T)/T for
T — 0 typical for heavy Fermi liquid is characteristic for
all x %0 compounds of the series. The 4f contribution
to the specific heat, AC(T), is well approximated by the
Kondo resonant-level model [21]. Within this model the
Kondo-impurity contribution AC with effective spin S = 1/2
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FIG. 12. (Color online) The low-temperature specific heat
C(T)/T for Ce,;Lag3RhySn;;3 (a) and Ce,LaRhySn; (b) in various
applied magnetic fields. The inset in (a) shows the entropy vs
temperature, in the lower panel the inset shows electronic specific
heat C(T)/T vs T>.

is described by the formula

2SA

A+igugH)?
T_szRe<( +ignsH)

QrkpT)?

A+ignugH
— 25 +1
27TkBT ( + )]

/ A+igugH
_I/’(H 2ksT )D @

where R is the universal gas constant. The level width A / kg
is found to increase with magnetic field from about 0.5 K for
B =0to about A/kg =2.3 K for B=0.7 T in the case of
the investigated Ces.,La,RhsSn;3 compounds (c.f. Fig. 13).
Figure 14 shows the electronic coefficient in the specific
heat, y,* = C(T)/T, obtained from the linear dependence
of C(T)/T = yOeXP+/3T2 (c.f. inset to Fig. 12) and the

yg“lc = ”TzkéN (er), where N(ep) represents the density of

electronic states at the Fermi level, calculated within the virtual
crystal approximation. The distinct deviation between the y

AC = kp

KB

X {(ZS + 1)%/[1 +
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FIG. 13. (Color online) AC vs temperature in various applied
magnetic fields. The lines represent the fit of resonance level model
to experimental data.
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FIG. 14. (Color online) Ce; La,Rh,Sn;; electronic specific heat
coefficient y, " = C(T)/ T experimentally obtained from the linear
dependence of C(T)/T vs T? at T? = 0 in the temperature region
between ~5 and ~10 K (points) compared with the calculated
Sommerfeld coefficient, using VCA approach within the FPLO

method (squares).
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FIG. 15. (Color online) Ce; La,RhsSn;; electrical resistivity
p(T) vs magnetic field for Ce,;Lag3RhsSn;3, LazRhySny3, and
the difference Ap = p(sample) — p(LazRh4Sn3) at B =0 (a), for
Ce, 4Lag¢RhySn;; and the difference Ap at B =0 (b), and for
Ce,LaRhySnj; (c). The insets show the proper Ap (or p) data vs
logT for T < 30 K.

values and VCA calculations indicates, for the samples x < 1,
a strong f-electron correlation effect, which is not taken into
account within the basic LSDA-based calculations. The y’s
plotted across the Ce concentration range show a trend to the
better agreement between the experimental and calculated y
values when the content of La increases, due to weakness
of the f-electron correlations. From g8 = 15—2N7T4R91;3, we
estimated a Debye temperature of about 180-200 K for the
Ces;_La,RhySn;3 compounds.

Figure 15 displays the temperature dependence of the
electrical resistivity p under applied magnetic fields for se-
lected Ce;_,La,RhsSn;3 compounds. We also show the Ce 4 f
contribution to the resistivity Ap = p(Ces_,La,RhySny3) —
p(LasRhySnj3) [23]. At higher temperatures, p of LazRhsSn;3
exhibits a significant deviation from the typical metallic
behavior, which is often observed for the d-electron type
metals [24] and could be attributed to the interband s-d
scattering [25]. A similar interband s-d scattering is also
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FIG. 16. (Color online) Magnetoresistivity Ap/p(0) at different
temperatures vs magnetic field for Ce,LaRhsSn;3 (open circles) and
Cez‘4Laol(,CO4SI’113.

present in the remaining compounds of the Ce;_,La,RhsSn3
system. Furthermore, the magnetic contribution Ap can be
associated both with the crystal field effect and coherence.
The coherence is more significant for the samples with large
Ce content (i.e., for x < 0.3) and will be discussed, while
the CEF effect is apparent in all Ap data, since the magnetic
susceptibility measurements revealed a Schottky anomaly at
similar temperatures.

The weak maximum in zero magnetic field resistivity at
about 2 K suggests the magnetic scattering for the samples x <
0.3 [Fig. 15(a)], related to the incipient short-range magnetic
ordering. For the sample x > 0.3, the magnetic correlations
are weak or not present [c.f. Fig. 15(b)], whereas the more
diluted Ce samples exhibit at the lowest temperatures the
Ap ~ —InT behavior, characteristic of the Kondo impurity
effect [c.f. Fig. 15(c)]. The maximum that appears at ~4 K in
the fields of 6 T can be attributed to the scattering on the
Zeeman split of the crystal field ground doublet. We also
observed below about 50 K the positive contribution to the
magnetoresistance of Ces_La,RhsSn;3, which significantly
increases with applied magnetic field. The mechanism of
this positive magnetoresistance is not clear when the similar
CesCo4Sn;3 [26] and Ce3RusSny3 [27] compounds exhibit the
opposite behavior, and will be discussed below. In Fig. 16, we
compare the magnetoresistivities Ap/p(B = 0), where Ap =
p(B) — p(B = 0) of Ce,LaRhySn;;3 [positive magnetoresistiv-
ity (MR)] and Ce; 4Lap Co4Sn;3 (negative effect) at different
temperatures. One of the reasons may be the suppression of the
coherence Kondo state by an external magnetic field, which
causes an increase in resistivity at temperatures below the
coherence maximum. It should be noted here that for a series
of compounds CesM4Sn;3, where M = Co, Ru, and Rh, the
coherence Kondo state is explicit in the resistivity data only for
Ces;RhsSnj3 [28]. An increase of the resistivity of La-diluted
Ce;RhySn;; with increasing magnetic field could also result
from the so-called magnetic precursor effect, proposed to
explain anomalous transport properties of some Gd-based in-
termetallics [29]. A magnetic disorder-induced localization of
electrons can develop far before a magnetic order sets in. This
is more probable scenario for La-doped CesRh4Sn;3, which
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exhibit magnetic correlations of the magnetic moments of Ce.
Such a localization implies a positive resistivity in applied
fields. The positive p versus B increase is observed too for
heavy fermions and Kondo lattices, as discussed in Ref. [29]

C. Physical discussion and summary

Our complex investigations of Ce;La,RhsSn;3 merely
indicate on the changeover from a Kondo lattice state for
x < 0.3 to a single-ion Kondo behavior state for x > 0.3. In
the resistivity and specific-heat data, there is also observed a
contribution from short-range magnetic correlations resulting
from an atomic disorder. In this aspect, a La-diluted nonmag-
netic heavy-fermion compound CeNi,Ge, close to an antifer-
romagnetic QCP [30] would be interesting for the discussion
of the low-temperature properties of CezRhsSn;3. Namely,
this Ce;_La,Ni,Ge, system exhibits two Fermi liquid (FL)
regimes separated by a non-FL region for 0.5 < x < 0.98,
despite the absence of a magnetic order. The NFL-like behavior
is, however, questionable since the low-lying magnetic phase
transition has not been observed in this system. In the case of
Ce3RhsSn;3, a number of experiments revealed, however, that
the system evidently shows short-range magnetic correlations,
therefore the low-temperature behaviors are of different origin
in relation to CeNi,Ge,. In the literature are known examples
of other Ce-based heavy fermions where La atoms diluting the
4 f -electron element were in fact found to produce a magnetic
order of the spin-glass-like type, e.g., Ce;_.La,CoGe, [31] or
Ce,.xLa,RhSb [32]. Similar short-range magnetic correlations
observed recently [2,20] in Ce;Rh4Sn;3 are visible too for the
isostructural substitution of Ce with La in Ces_,La,RhsSn;3.
Our complex studies also suggest that the system evolves from
a magnetically correlated Kondo lattice state to a single-ion
Kondo impurity state when the La content increases. This
thinking allows us to analyze the 4 f contribution to the
specific heat, resistivity, and magnetic susceptibility in terms
of the single-ion Kondo model. Note, however, that the
inhomogeneous magnetic state of Ce3RhySn;; also suggests
that the system could reach the magnetic ground state in
the case of the weakly off-stoichiometric sample. Recently,
our theoretical simulation of the vacancies at the Sn sites
revealed that the magnetic ground state of Ce3RhySn;3 is very
sensitive to the Sn content [12]. Even slight nonhomogeneity
or nonstoichiometry can result in different magnetic proper-
ties, as was investigated experimentally in Refs. [28,33,34].
The possible existence of a magnetic ordered phase has
important consequences in the concept of quantum critical-
lity in Ce3RhySn;j; and similar materials. We have shown,
however, that alloying does not give an antiferromagnetic
quantum critical point in the Ces;,La,Rh4Sn;3 system. In
particular, the low-temperature specific-heat data, C(T)/T,
do not demonstrate either power-law or —In7 behavior,
moreover, the suite of experiments and theoretical analysis
allow us to interpret the low-temperature behaviors in terms
of the single-ion Kondo model. We also explained that the
magnetic character of Ce ion is strongly dependent on its
local environment. The difference charge density plots exhibit
exceptionally strong charge accumulations located between
the nearest-neighboring Sn2 and Rh, which implies covalent
bonding interaction and leads to local deformation of the Snj,
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cages occupied by Ce (or Snl). As a result of this local
deformation of the cage, the thermodynamic properties of
Ces.yLa,RhySn;3 are determined by the CEF splitting of the
J =5/2 multiplet into three doublets separated by energies
Ay/kp ~ 40 K and A,/kp ~ 300 K from the ground-state
doublet. The Kondo lattices are usually discussed in terms of
the two temperature scales: the usual single-impurity Kondo
scale and the coherence, both depend on the CEF. The first
is responsible for T, and p ~ —InT, while the coherence
is reflected in T in the p(T) curves. At low temperature,
in a Kondo lattice system, there is a competition between a
tendency for the resistivity to increase due to Kondo effect and
to decrease because of the singlet nature of the coherent ground
state. Tiax obtained from the Ap resistivity data represents
a good characteristic of Tx (for the Kondo lattice, Tx at a
higher temperature region represents a Kondo effect on the
total J = 5/2 manifold, to distinguish the high-T Tx we
use the notation Tlg). In the case of CesRh4Sny3, Tnax ~ 50 K.
In the Kondo lattice state, Ty = % exp[—m], where W
is the bandwidth of the bare band (s,d) states with DOS at €
equal to N(er). The value J is the Schrieffer-Wolf exchange
coupling integral [35], for V,e; < U, Jg ~ —|V|2/ef, where
€ is the bare 4 f level location with respect to the Fermi level
and U is the magnitude of the intra-atomic (f-f) Coulomb
repulsion between electrons. A very crude estimate gives T,g
of ~70 K, using the data obtained from the 3d XPS spectra
and DOS calculations. Using A s = 70 meV and € of about
0.1 eV, we estimated Jx = ~0.009 eV. For N(er) =~ 201/eV
and the bandwidth of about 4 eV, we roughly have estimated
Tlg value, which corresponds to the Kondo effect on the total
(J = 5/2) manifold. Based on this very crude estimate, we can
suggest a possible scenario to explain the resistivity increase
below 70 K in an applied magnetic field.

Let us apply the above results to the following discussion of
the experimental data. The system Ces_,La,RhsSn;3 exhibits
very similar C(7T")/ T and x (T') dependencies. (i) The curvature
in x(T) can be well described in terms of a CEF model
considering the lower than cubic symmetry where the J = 5/2
multiplet of Ce>* ion splits into three doublets separated from
the ground state by energies A;/kp ~ 40 K and A,/kp =
300 K. The resistivity of Ces,La,RhsSn;3 samples with
x =0 and x = 0.3 clearly shows the maximum at about
50 K due to the Kondo coherence effect. The coherent
state is affected by an external field, then because of the
suppression of the coherent Kondo effect, the resistivity would
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increase. There is also a possible magnetic precursor effect,
which leads to an enhancement of the magnetoresistivity
under increasing magnetic field, or both effects. A clear-cut
answer, however, requires modeling on the basis of theoretical
research. The strong positive magnetoresistivity can also result
from the d-band character of the conduction electrons, and the
strong s-d hybridization. Such a scenario is well confirmed
experimentally for isostructural Y3IrsGe;3, where the MR is
positive [36] as in the case of Ce3Rh4Sn ;3. Strydom (Ref. [36])
interprets the positive MR behavior as a result of strong
d-electron interaction in a d-electron transition metal, which
could be brought about by a large d band spectral weight
of the conduction electrons. This interpretation requires a
confirmation by the band-structure calculations (these studies
are in progress), but it seems that this scenario can also
be justified experimentally. Namely, our systematic studies
of the Ce3M4Sn;; intermetallics have shown that the MR
effect depends on the metal M; in the case of Co, the MR
is negative [26], for Ru, the magnetoresistivity is very small,
but positive [27] (at the low-temperature region Ap/p(0) =~
+1%), while for Rh, the MR exhibits a strong positive effect.
(ii) The low-temperature magnetic susceptibility and specific
heat are well fitted by a Kondo resonant-level model with
a very small Kondo resonance width A /kp of about 1 K.
The zero-field resistivity suggests at the lowest temperatures
the presence of short-range magnetic correlations, which
are easily removed by the magnetic field. Our complex
investigations do not confirm a long-range magnetic order
and the presence of a quantum critical point in the system
Ceg_xLath4Sn13.

The results (i) and (ii) are consistent with our band-structure
calculations and the XPS data. The Ce 3d XPS spectra point to
a stable configuration of the Ce 4 f ! shell and a weak hybridiza-
tion between the 4 f and the conduction band states, which well
correlates with the Kondo effect and coherence, both observed
atrelatively low temperatures. The chemical bondings between
Rh and Sn2 resulting from the calculated charge density
distribution explain the deformation of the Ce(Sn2);, cuboc-
tahedra cages and the CEF properties of the Ce;_,La,RhsSn;3
compounds.
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