PHYSICAL REVIEW B 86, 205113 (2012)

Electronic, magnetic, and electric transport properties of Ce3RhsSn;; and Ce;Co4Sny3
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We present an investigation of the magnetic, thermodynamic, and electric transport properties and the electronic
structure of the strongly correlated compounds Ce;RhySn;; and Ce;Co,Sn; 3. The main goal of this report is to
compare the physical properties of both compounds and to explain the abnormal electrical resistivity behavior
in Ce;Co4Sn;3 above ~160 K, which has not been observed in Ce;RhsSn ;. We suggest that a possible local
distortion of the trigonal Sn2 prisms around Co occurs in Ce;CosSn 3 below ~160 K, which could change
the electronic structure near the Fermi level and, as a consequence, explain the metallic behavior visible in
the resistivity above this temperature. We determined experimentally the hybridization energy A between the
f-electron and conduction-electron states for both compounds and its influence on the different p(7") behaviors
under pressure. The complimentary experimental data allowed us to explain the semimetallic properties of both
compounds and the transition between semimetallic and metallic behavior in Ce;Co4Sn;3, which is not observed

for Ce;RhySny3.
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I. INTRODUCTION

The series of intermetallic compounds R3M4Sn;3, first
reported by Remeika ef al.,' has been systematically studied,
especially for the specimens with M = Co (Refs. 2-4),
Rh (Ref. 5), and Ir (Refs. 2 and 6). These intermetallic
compounds have been the subject of intensive investigations
recently for several reasons. (i) The ternary Ce;MySnj3
stannides crystallize in the cubic Yb3; M4Sn;3 structure (space
group Pm3n), which is closely related to that of the skutteru-
dites, which are well known thermoelectric materials. These
compounds contain two distinct Sn sites, Snl (2a) and Sn2
(24k). The Sn2 atoms form a M (Sn2)g trigonal prism which are
arranged in a three-dimensional network containing two differ-
ent cages: one occupied by Ce [Ce(Sn2);,] and the other by the
Snl [Sn1(Sn2);,] atoms. X-ray diffraction measurements have
suggested the possibility of local vibrations of Sn atoms inside
the cage,” which can lead to the rattling effect responsible
for the low phonon thermal conductivities found in filled
cage compounds. The efficiency of thermoelectric devices
is characterized by the thermoelectric figure of merit ZT =
ST /K, where S is the Seebeck coefficient (or thermopower),
o is the electrical conductivity, and « is the total thermal
conductivity with contributions from electrons and the lattice.
The thermopower of Ce;RhySn;; is weakly temperature de-
pendent and small.>” (ii) Heavy fermion compound Ce;zIrsSn3
orders antiferromagnetically and demonstrates an intriguing
double-peak feature in the specific heat at 2.1 K and 0.6 K. On
the other hand, low-temperature neutron diffraction results®°
and specific heat measurements®> show no evidence for long-
range magnetic order in either Ce3CosSn;3 or CezRhsSnys;
although there is evidence for two magnetic phase transitions
at 1.2 K and 2 K in the heat capacity data reported for the Rh
sample.'” Recently, our theoretical simulation of vacancies at
the 2a sites revealed, within the virtual crystal approximation
(VCA), that the magnetic ground state of CesRhySny3 is very
sensitive to the Sn content.!" Even slight nonhomogeneity or
nonstoichiometry of the sample can result in different magnetic
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properties, as is investigated experimentally in this report.
(iii) An increasing number of Ce-based heavy fermion (HF)
metals have been shown to display a pronounced deviation
from the properties of conventional Landau-Fermi liquids
(LFLs). In a number of cases, this non-Fermi-liquid (NFL) be-
havior can be attributed to the proximity to a quantum-critical
transitionat 7 = 0 between magnetic and nonmagnetic ground
states, which can be tuned by varying a control parameter
such as pressure (P), magnetic fields (B), or doping.12 Such
zero-temperature quantum critical points (QCPs) can drive
unusual behavior in thermodynamic properties, as well as in
transport over a wide range of temperatures. The previous in-
vestigations of Ce;Co4Sn;3 and Ce3RhySn;; indicated a large
increase in C/T at low temperatures. The maximum value of
~4]/ (mol-Ce-K?), obtained at the lowest temperature, would
seem to indicate that both compounds are likely very near
a magnetic QCP,* whereas in applied magnetic fields they
show a crossover from a magnetically correlated state to a
single-impurity Kondo state.

In this paper, we investigate the thermodynamic and
electrical transport properties of Ce;Co4Sn;3 and Ce;RhySny3
versus magnetic field and external pressure. We found that both
compounds are in the metallic state under the maximal pressure
of 2.7 GPa and field of 9 T, however, with quite different
p(T) dependencies. The discussion of the field and pressure
dependent p(7T') data is based on band structure properties.
Through comparative studies of Ce3Co4Sn;3 and Ce;RhySny3
we try to elucidate the nature of magnetic correlations as
well as explain why they are not strong enough to promote
long-range order.

II. EXPERIMENTAL DETAILS

Polycrystalline Las;M4Sn;3 and Ce; M4Sn;3 samples have
been prepared by arc melting the constituent elements on a
water-cooled copper hearth in a high-purity argon atmosphere
with an Al getter. The samples were remelted several times
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to promote homogeneity and annealed at 870 °C for 12 days.
Almost no mass loss (£0.02%) occurred during the melting
and annealing process. All samples were carefully examined
by x-ray diffraction analysis and found to be single phase with
cubic structure (space group Pm3n). The powder diffraction
pattern was measured with a Rigaku-Denki D/MAX RAPID
II-R diffractometer (Rigaku Corporation, Tokyo, Japan) with
arotating anode AgK,, tube (A = 0.5608 A), an incident beam
(002) graphite monochromator, and an image plate in the
Debye-Scherrer geometry. Powder diffraction studies below
room temperature were performed using a Siemens D5000
high-resolution diffractometer equipped with an Anton Paar
He TTK low-temperature system.

Stoichiometry and homogeneity were checked by the
microprobe technique (scanning microscope JSM-5410) and
by x-ray photoelectron spectroscopy (XPS) analysis. Devi-
ations from the nominal composition were small. Due to
our previous ab initio calculations, which showed that the
magnetic ground state of Ce3RhsSnj3 is very sensitive to
Sn content, we studied the influence of the Sn-stoichiometry
on the thermodynamical properties of Cejs.s57Rhyg86Sn64.57
(sample #1) and Ce4.28Rh20 375165 36 (Sample #2).

Electrical resistivity p was investigated by a conventional
four-point ac technique using a Quantum Design Physical
Properties Measurement System (PPMS). Electrical con-
tacts were made with 50-um gold wire attached to the
samples by spot welding. Electrical resistivity measurements
under pressure were performed in a beryllium-copper piston-
cylinder clamped cell. A 1:1 mixture of n-pentane and
isoamyl alcohol in a Teflon capsule served as the pressure
transmitting medium to ensure hydrostatic conditions during
pressurization at room temperature. The local pressure in the
sample chamber was inferred from the inductively determined,
pressure-dependent superconducting critical temperature
of Sn.'®

Specific heat C was measured in the temperature range
0.6 K-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
quantum interference device magnetometer from 1.8 K to
300 K in magnetic fields up to of 7 T.

XPS spectra were obtained with monochromatized AlK,
radiation at room temperature using a PHI 5700 ESCA
spectrometer. The polycrystalline sample was broken under
high vacuum of 6 x 10~'° Torr immediately before taking a
spectrum. The spectra were calibrated according to Ref. 17,
and binding energies were referenced to the Fermi level
(er =0).

III. RESULTS AND DISCUSSION:
A COMPARATIVE STUDY

A. Magnetic properties

While CeslrySn;s exhibits antiferromagnetic ordering6’18

below 0.6 K, Ce3Co4Sn;3 is paramagnetic'® down to 0.35 K
and Ce3Rh,Sn;3 has been reported to be a paramagnetic® or a
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FIG. 1. dc magnetic susceptibility, x, measured in a magnetic
field of 500 Gs and 1/x vs temperature for Ce;Rh,Sn;; samples
(#1 and #2) and for Ce;Co4Sn 3. The line represents the approx-
imation of the x(7) data by the modified Curie-Weiss law x =
Xo + C/(T — Bcw) between 2 K and 300 K; the fit is not enough
good. The x(T) data are well described by this expression in the
temperature region 7 > 15 K. The inset displays the low-temperature
x(T) data in a log-log scale.

magnetically ordered'® compound. Our recent full-potential
local orbital (FPLO) calculations within the VCA have
demonstrated!! that the vacancies at the 2a Sn sites stabilize
the magnetic state of Ce3RhsSn3_s, where § = 0.1 and 0.15.
In this study, we compare the magnetic data obtained for
the almost stoichiometric Ces;RhySny3 (sample #2) with that
obtained for sample #1 with a larger concentration of vacancies
at the Sn sites. We also present the results of our magnetic
investigations of Ce;Co4Sn;; (Ref. 20).

Figure 1 compares the dc magnetic susceptibility, x(T),
measured in a magnetic field of 500 Gs, and inverse suscep-
tibility data, 1/y, for Ce;RhySn;3 (samples #1 and #2) and
CesCo4Sn;3. There is no evidence for frequency dependence
in the x(T) data [the x,.(T) data at v =160 Hz, 1 kHz,
and 10 kHz are not presented here], whereas in the high-
temperature region, x(7') depends slightly on the magnetic
field. This results in different Curie-Weiss temperatures Gcw
and almost the same effective magnetic moment, for example,
for CesRhySnj3 (sample #2), Ocw = 6 K when yx is measured
in magnetic field B = 500 Gs, while ®¢cw = 11.7 K for
data measured in B = 10* Gs. This effect could be attributed
to spin fluctuations observed recently for both samples. The
significantchangein 1/ at ~160 K for Ce3Co4Sn;3 (indicated
by an arrow in Fig. 1) could be of magnetic origin or result
from a change of the crystallographic structure. To eliminate
the possibility of a structural change at this temperature, we
measured the x-ray diffraction patterns above and below this
temperature, which show no change in the crystal structure
(Fig. 2). The first inset of Fig. 2 shows the temperature de-
pendence of the distance d(7T') between (532) crystallographic
planes, obtained from the Bragg equation A = 2d sin6(T) for
diffraction line (532). The behavior of d(T) is characteristic
of typical thermal expansion behavior. A detailed analysis of
the shape of this diffraction line with components K, and K»
was conducted by fitting with the Gaussian function f(0) =
a+ b/expl(0 — 61)/A1* + f/expl(6 — 62)/Az]*, where 6,
and 6, represent the Bragg reflection’s maxima. It showed that
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FIG. 2. (Color online) X-ray diffraction (XRD) of Ce;Co,Sn;;
with CuK, radiation and at different temperatures. The upper inset
displays the temperature change of the (532) XRD line between 12 K
and 300 K. The lower left panel displays the temperature dependence
of the parameter A,, which is proportional to the half-width of the
K, diffraction peak. The lower right panel shows the temperature
dependence of the intensity of the (320) diffraction line

the parameter A, which is proportional to the half-width of the
Kq2 diffraction line, is temperature dependent (details in the
second inset of Fig. 2), while A; is almost constant. Namely,
A, increases in the T range: ~150 K-60 K upon cooling, and
below 60 K it again reaches the value obtained above 130 K.
One possible scenario is that there is a change of symmetry
below 150 K-160 K, probably due to some distinct distortion,
for example, of Co(Sn2)¢ trigonal prisms and/or Sn1(Sn2);,
cages.”! To confirm our hypothesis, we measured the (320)
diffraction line vs temperature. The intensity of this line
reflects the largest diffraction effect on the Sn2 atoms, which
leads to the maximum intensity in the x-ray diffraction pattern.
In Fig. 2 (the lower right panel), the intensity of the (320)
Bragg reflection exhibits a significant change at about 160 K,
which can be explained by the local distortion of Co(Sn2)e
prisms. The atomic positions and structural information, which
was obtained from the full x-ray diffraction patterns presented
in Fig. 2, are summarized for Ce;CosSn;3 in Table I. The
structures at 7 = 300 K, 120 K, and 12 K were solved by
Rietveld analysis and refined using the FULPROF package.
By comparing the interatomic distances Snl-Sn2, Ce-Sn2,
and Co-Sn2 in Ce;Co4Sn;3, we observe that the distances
Sn1(Sn2);,, Ce(Sn2)4, and Ce(Sn2)g are evidently temperature
dependent, which suggests that the structure becomes locally
distorted at 7 = 120 K and 12 K with respect to the structure
at room temperature. In Fig. 3 we compare the structure of
Ce3Co4Sn;3 highlighting the arrangement of the Sn1(Sn2);,
isacohedras obtained at 293 K and 120 K, respectively, with
the values of the lattice parameters normalized to a at room
temperature. The Sn atoms are yellow at T = 293 K, while the

PHYSICAL REVIEW B 86, 205113 (2012)

TABLE 1. Atomic distances and lattice parameters a (in A) for
Ce3Co4Sny3 at T = 300 K, 120 K, and 12 K, obtained from Rietveld
analysis.

293K 120K 12K

a 9.6038 9.5738 9.5672
Sn2 (24k)

x 0 0 0

y 0.2989(7) 0.3006(4) 0.3042(9)

b4 0.1622(3) 0.1608(8) 0.1581(7)
Sn1(Sn2),, 3.2667 3.2645 3.2810
Ce(Sn2)y 3.2778 3.2827 3.3113
Ce(Sn2)s 3.4524 3.4269 3.3936
Co(Sn2)s 2.5877 2.5868 2.6004

blue atoms exhibit the atomic positions of Sn at 7 = 120 K.
The figure shows evidently a small local distortion of the
Sn1(Sn2);, isacohedras and the Co(Sn2)s trigonal prisms.
As was previously shown,'"? there is high charge density
between Co (or Rh) and Sn2 atoms, which implies strong
covalent bonding interactions. A small change of a local
symmetry can modify the electronic structure near the Fermi
level, which drives different magnetic and electric transport
properties as a consequence.

The magnetic susceptibility can be described by a modified
Curie-Weiss law x = xo + C/(T — 6cw), where o is the
temperature-independent part of the magnetic susceptibility,
C is a Curie constant, and Curie-Weiss temperature Ocw
is —1.78 K, —1.2 K, and —2.3 K for samples (#1), (#2),
and Ce3;Co4Sn;3, respectively. The fit also gives an effective
magnetic moment of 2.4, 2.6, and 2.7 g, respectively. These
values are all close to the theoretical value of 2.54 ug/Ce
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FIG. 3. (Color online) The structure of Ce3Co,Sn;; at the room
temperature and at 7 = 120 K highlighting the arrangement of the
Sn1(Sn2),, icosahedra, with Sn atoms at 7 = 293 K (yellow) and
at T = 120 K (blue). Ce (green circles) and Co (black circles) are
represented as isolated atoms. The lattice parameters measured at two

different temperatures are normalized in the figure to a value obtained
at T = 293 K. The drawing of the figure is produced by VESTA.>*
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FIG. 4. Magnetization M vs magnetic field B measured at
different temperatures for Ce;RhsSn;3 (sample #2). The solid lines
are fits of the Langevin function to the magnetizationdataat 7 = 2,4,
and 6 K. The saturated value of M, obtained at 7 = 1.9 K from an
extrapolation of M vs 1/B to 1/B =0, is 0.75 up for CesRhsSn;3
(sample #1), 0.98 up for Ce;RhySn;; (sample #2), and 0.96 pp for
C€3C04Sl'1|3.

expected for a free Ce’* ion, indicating that the magnetic
moments of Ce ions are well localized. The inset to Fig. 1
shows the low-temperature x ~ 7" behavior withn = 0.67,
0.70, and 0.64, for samples (#1), (#2), and Ce;Co4Sn;3,
respectively. Magnetic order has not been explicitly observed
in x(T) data; however, power-law behavior in x(7) and a
logarithmic C/T behavior in less than half of a decade (as
will be discussed) at low temperatures could be related to the
proximity of a magnetic QCP.?

The magnetization M vs magnetic field isotherms for
CesRhySn;3 (#2) are shown in Fig. 4. They are well approxi-
mated by the Langevin function L(y) = coth(y) — 1/y, where
y = uB/kgT with total magnetic moment u = 0.54 up
(obtained for the isotherm measured at 7 = 1.9 K). Sim-
ilar M(B) isotherms are measured for samples (#1) and
Ce3;Co4Sn;3, which are also well described by the Langevin
function with a magnetic moment of 0.48 1 5. The magneti-
zation does not show any hysteresis in the field dependence
of magnetization M and is not an universal function of B/ T,
which rules out?® superparamagnetic behavior.

In Fig. 5, we present the magnetization M vs B isotherms
for LazRhsSn;3. The data are interesting because a strong
diamagnetic component is observed in the magnetic suscep-
tibility, and a symmetric hysteresis loop at T = 1.9 K is
characteristic of irreversible superconductivity. A very similar
M(B) behavior was obtained for La3;Co4Sny3. LazRhsSn;3
superconducts below a critical temperature 7, = 2.6 K. More-
over, the magnetic susceptibility, measured between 7, and
300 K in a magnetic field of 0.1 T, obeys a 7 dependence very
well, indicating the presence of ferromagnetic spin fluctuations
[as presented in panel (b)]. A spin fluctuation characteristic
temperature Tsg ~ 1090 K is estimated by analyzing the
data with the spin-fluctuation model?” x ~ 1 — (T/Tsg)?. It
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FIG. 5. (a) Magnetization M per formula unit vs magnetic field B
measured at different temperatures for La;Rh4Sn;3. The inset shows
a symmetric hysteresis loop at 7 = 1.9 K (in the superconducting
state). Panel (b) displays the magnetic susceptibility for La;Rh;Sny;
at the magnetic field B = 1000 Gs.

would seem that the superconductivity in LazRhsSny3 and
in LazCo4Sn;3 can be mediated by magnetic fluctuations, as
has been reported for CaslrySn;; (Ref. 14). It is commonly
believed that Cooper pairs are formed magnetically in some
Ce-based HFs with unconventional superconductivity, for
example, in CeRh,Si, (Ref. 28), CePd,Si, (Ref. 13), or
CeRhlns (Ref. 29). In the case of La;RhsSn ;3 this suggestion
seems to be too far-fetched a speculation. On the contrary, it
was shown'!?3 that the calculated high DOS at the Fermi level
strengthens the spin fluctuations in LaszM4Sn;3, which then
suppresses superconductivity. It is of interest to get an insight
into the possible origin of the spin fluctuations in LazRhsSn;3.
Former calculations with LSDA + U approximation'' results
in almost zero magnetic spin moments on Rh and Sn;
however, since there is a significant contribution of Rh states
to the Fermi surface, the nesting instabilities might be the
origin for the observed spin fluctuations. Very similar nesting
instabilities which generate the spin fluctuation effects of
Rh 4d electrons were suggested for CeRhSn, (Ref. 30) and
CeRh,Sny (Ref. 31).

B. Specific heat

Figures 6-8 compare the low-temperature specific heat
of Ce3;RhySn;3 and Ce3;Co4Snj3. Both C(T) and C(T)/T
exhibit a broad maximum situated at ~0.7 K with a maximum
value of C/T = 4.3 J/mole-Ce-K?2. By applying a magnetic
field, the peak is suppressed in absolute value and shifts
to higher temperatures. A very similar result was obtained
previously for both compounds.>® The low-temperature heat
capacity gives magnetic entropy Smaen = R In2atabout 2K (in
Fig. 9), indicating that the peak in C/ T represents the behavior
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FIG. 6. Ce;RhySny3 (#2): C(T)/T [in panel (a)] as a function
of applied magnetic fields. The inset exhibits C/T low-T data for
the reference compound La;Rh,Sn;; near the critical temperature 7.
Panel (b) shows the specific heat C at different magnetic fields. The
C/T and C data for LazRh;Sn;3 is measured for B = 0.

of the ground-state doublet, as was previously confirmed
by inelastic neutron scattering studies,” and a weak Kondo
effect. The splitting of the ground-state doublet was attributed
to the presence of an internal field (i.e., Zeeman splitting)
in the presence of short-range magnetic order. Small Kondo
temperatures Tx of about 1.6 K for Ce;RhySnj; and Tx =
1.2 K for Ce;Co4Sn;3 samples were obtained independently
from magnetoresistivity,” specific heat data at magnetic field
approximated by the S =1/2 Kondo impurity models,>>
inelastic neutron scattering,”'® and neutron diffraction
studies.®

The Kondo singlet ground state has a universal linear spe-
cific heat given by C,) = yT/Tk at the lowest temperatures.

5
4
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8 3 % —--—-B=0 _
©
£
S 2
=
S 4
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T(K)

FIG. 7. CesRh4Sny;3 (#1): C(T)/T as a function of applied
magnetic fields. The arrow signals atypical behavior which could
result from the magnetic transition.
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FIG. 8. Ce;Co4Sny3: C(T)/T [panel (a)] as a function of temper-
ature at various applied magnetic fields. Panel (b) shows the specific
heat data, C, vs T in the magnetic fields specified in panel (a).

An enhancement of the electronic specific heat coefficient
y = RIn2/Tk is expected of ~3.8 J/mol-K?-Ce for the
both Ce;RhySn;3 and Ce3;CosSn;3 compounds, if Tx = 1.5
K, while the measured y’s are much larger. Inside this simple
estimate, the low-T broad maximum in the specific heat data
signals the additional contribution of short-range-like mag-
netic order to the entropy. In zero magnetic field a satisfactory
fit to the specific heat data was recently achieved assuming half
of the entropy is due to single impurity effects and half is due to
a Schottky-like contribution.**? We note that magnetic order or
short-range magnetic order has been obtained from our recent
computational studies'' for the stoichiometric Ce3RhsSn 3
compound. Within the VCA approach, the calculated total
energy of Ce;RhsSn;3; versus magnetic moment shows a weak
and broad minimum at about 1.8 wg/cell, while the inclusion
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FIG. 9. (Color online) The entropy S of the samples Ce;Rh;Sn;3
and Ce;Co4Sn;3 vs temperature at different magnetic fields.
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FIG. 10. The Ce 3d XPS spectra of Ce; M,Sn;; and La; M,Sn;3,
where M = Rh and Co with evidence for the 3d°4 " components
(n = 1,2) for Ce3 M4Sny3, while n = 0,1 in case of Laz; M,Sn;3.

of small concentrations of Sn 2a vacancies removes the
energy minimum for CesRh4Sn» 95 due to its magnetic ground
state.*® This indicates that the system is magnetically unstable.
The reduced magnetic moment of Ce3M4Sn;3 and magnetic
correlations indicated by experiments could be explained
either by the many-body Kondo screening effect or strong
spin fluctuations. Comparative study of the specific heat for
Ce3;RhySn ;3 and Ce;Co4Sn; 3 suggests a similar mechanism is
responsible for the low-temperature thermodynamic properties
of both systems. The small maximum at 0.7 K in C(T') data
of the off-stoichiometry sample (sample #1) and the kink in
C(T)/T (in Fig. 7) could be attributed to a magnetic phase
transition generated by vacancies at the 2a Sn sites. The
electrical resistivity also shows a maximum at this temperature
(see below).

C. Electronic structure and Anderson width A obtained from
the core-level 3d XPS spectra

The HF state is modeled microscopically by the periodic
Anderson model. For the Kondo lattice state, the ground
state of a Ce-based compound is very sensitive to both the
magnitude of the hybridization energy V.r ~ [A/N(ef)]'/?
between f and conduction electron states and the concentra-
tion of carriers, n., as is rationalized within the framework of
the periodic Anderson model.>* The microscopic parameters
of the Anderson-lattice model: V., and the occupancy of
the f shell, ns, can be determined experimentally from the
Ce 3d x-ray photoemission spectra using the Gunnarsson-
Schonhammer (GS) theory,35 which is based on the Anderson-
impurity model.*® In Fig. 10, we plot the Ce 3d core-level
XPS spectra for Ces;RhsSn;3 (Ref. 37) and Ce3Co4Sn;3. For
comparison, we also present the La 3d core-level XPS spectra
obtained for the reference compounds, respectively. Each
spin-orbit (SO) set of the Ce or La 3d XPS lines consists
of two contributions labeled as f* and f"*!, where n =0
or n = 1 for La and Ce, respectively. The main components
of the 3df" lines appear when the core hole is screened
by conduction electrons, while the 3d f n+1 gatellites, located
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on the low-energy side of the main peaks, result from a
4" — 4 f"+! transition during the photoemission process. In
consequence, the core hole is screened by an extra 4 f electron
in an excitationlike level centered on the core-ionized atom.
The probability of transferring an electron to this screening
level depends on its coupling to the other occupied states.
Consequently, the f"*! contributions in the measured Ce or
La 3d XPS spectra reflect the degree of hybrydization between
the 4 f and conduction band states in the initial state.*® The
separation of the overlapping peaks in the 3d XPS spectra was
carried out on the basis of the Doniach-Sunji¢ interpretation
scheme.® For Ce, the main components, 3dJ A f I and
3d39 n4f I, exhibit a SO splitting of magnitude Ago = 18.6 eV.
The presence of the 3d°4 f2 components reflects the intra-
atomic hybridization between the 4 f electrons and conduction
band. From the analysis of these spectra (for details on the
procedure, see also Ref. 40), one obtains the hybridization
energy A, with accuracy on the order of 20%. Some error in
the determination of A is due to the uncertainty in the intensity
ratio 3d°f ! : 3d°f?, which is directly related to the accuracy
of the decomposition of the spectrum, as well as to proper
background subtraction. Such an estimate yields A ~ 50 meV
for Ce3Rh4Sn;; samples, while A = 130 meV for Ce;Co4Sny3
suggests a stronger hybridization effect. In case of LazRh4Sn 3
and La3Co4Sn;3, the parameter A ~ 70 meV can be obtained
on the base of GS theoretical model from the intensity ratio
ICFY/UCO + I(fY)]. The relatively high value of A for La
is consistent with the general finding that hybridization tends
to be smaller in Ce compounds than in their La counterparts
due to the larger contraction of the 4 f orbitals in Ce. We
also conclude that the energy A is larger for Ce;Co4Sn;3 than
for the Rh sample as a consequence of stronger f-conduction
electron hybridization, defined by the hybridization energy V..,
(see below the discussion of the valence band XPS spectra).
Another reason is the larger DOS at the Fermi level, N(ef), in
Ce3Co4Sny3. Indeed, the calculated DOS at € for U = 6 eV
is about twice as large for Ce3Co,4Sn 3% than for Ce3RhySni3
(Ref. 11).

We did not observe any additional peaks in the Ce 3d XPS
spectra at a distance of ~11 eV from the main photoemission
lines, which could be assigned to the Ce 3d°4f° final
state, giving evidence for the stable configuration of Ce**.
Additional evidence for Ce** ions in Ce; M4Sn,3 is shown in
Fig. 11. The Ce 4d XPS spectra do not show additional peaks at
a binding energies of ~118-124 eV, which could be attributed
to 4 £24 0 final states (for details, see Refs. 41,42).

Figure 12 displays the valence band (VB) XPS spectra for
Ces;M4Snj; and LazM4Sn;;. In the VB XPS spectra of the
Co samples, the most intense peak is located at about 1.5 eV,
which originates mainly from the Co 3d states hybridized
with 5p states from Sn (cf. Ref. 25). In the case of the
Rh samples, the maximum in the total DOS is more deeply
located in the electronic band (about 3 eV) and originates
mainly from the Rh 44 states, hybridized with Sn 5 p states.'!
It is clearly visible in Fig. 12 that the Ce 4 f states give a
small contribution to the measured spectra. Moreover, the band
structure calculations in the LSDA 4 U approximation show
that the DOS in the vicinity of the Fermi level is nearly the same
for Ce3 M4Sn 5 and the reference Laz; M4Sny3 compounds.1 1,25
This finding also lends support to the picture that the
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FIG. 11. The Ce 4d XPS spectra obtained for Ce;M,Sni3,
M = Rh or Co.

Ce 4f states are almost localized and the RKKY magnetic
interactions among the localized 4 f moments determine the
possible magnetic ground-state properties of both Ce; M4Sn;3,
where M = Rh or Co. However, the VB XPS spectra suggest
that the hybridization between the f and conduction electron
states is stronger in the case of Ce;Co4Sn;3. This could also be
areason for the different resistivity p(7") behavior in Co-based
Ces; M4Sn;; samples (as will be discussed). From the ab initio
calculations, the flat 4 f bands in the energetic dispersion
curves E(k) near er and the relatively high DOS are both
indicative of a large electron effective mass and a small electron
mobility, which is smaller in Ce3Co4Sn;3 than in Ce;RhySn;3.
In addition, the calculations show a pseudogap along the
I' — R and I' — X directions, which indicates a semimetal
character for both Ce3M4Sn;3 compounds (M = Rh, Co)
implied by the entropy and electrical resistivity measurements.

D. Electrical resistivity under magnetic field and pressure

Electrical resistivity data for Ce3M4Sn;3 are shown in
Figs. 13-16. In the inset to Fig. 14, we also show the resistivity
of the reference compounds Laz;Rh4Sn;3 and La3;Co4Sn;3 with
a sudden drop to zero at T, = 3.8 K and 2.9 K, respectively,
due to their superconducting transition. These temperatures

Ce_Rh Sn__(#2)
3 4 13
LaaRh4Sn13

Ce,Co Sn
3 4 13

La_Co Sn
3 4 13

Intensity (Arbitrary Units)

2 0 2 4 6 8 10 12 14

FIG. 12. The valence band XPS spectra measured for Ce; M,Sn;;
and La3; M,Sn3, where M = Rh or Co.
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FIG. 13. (Color online) Electrical resistivity at different magnetic
fields for Ce;RhsSn;3; samples #1 and #2 are shown in panels (a) and
(b), respectively.

are consistent with the magnetic susceptibility data. For
Ce3M4Sny3 and LazM4Sny3 (M = Rh, Co) compounds, the
absolute magnitude of the resistivity at room temperature is
relatively high because of several reasons in the scattering
processes of electrons: The involvement of strong correlation
effect in the case of Ce-based compounds, atomic defects, as
well as grain boundaries and other defects of metallurgical
nature. The p(7") data cannot be approximated by the Bloch-
Griineisen-Mott formula:

p(T) = po+ pgn + o (1)

50

FIG. 14. (Color online) Electrical resistivity at different magnetic
fields for Ce;Co,Sny3. The inset shows the resistivity of LazRhySn3
and La3;Co,sSn;3.
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FIG. 15. (Color online) Electrical resistivity for Ce3Rh,Sn3 (#2)
under applied pressure and normalized by the resistivity at 7 = 300 K

[in panel (a)]. The inset shows the p data vs log T'. Panel (b) shows
Ap vslog T, where Ap = p(Ce;RhySnj3) — p(LazRhySny3).

where

(")7[)
xXdx

T\ (7
st (52) [ ey @
o = —KT°, 3)

and py is the residual resistivity. ©py is the Debye temperature,
R is the gas constant, and the cubic term K T3 describes
interband scattering processes.*> From the analysis of the
p(T) data, it is clear that these materials exhibit metallic
conductivity with a spin-fluctuation contribution coming from
the 4d/3d electrons and crystal field effects in the case of
C63M4SI’1|3.

First, we discuss the p(7T) behavior of the La-based
compounds in the metallic state (7, < T < Tcon, where
T.on determines the quantum coherence effects in Ce-based
compounds). Below 20 K for LazRhsSnj; and 15 K for
La3Co4Sn;3, the resistivity is well fitted by an expression
p~ AT? with A = 0.03 uQ cm/K? and 0.09 £ cm/K?,
respectively. For materials with nonmagnetic ground states,
this behavior is expected to be that of a Fermi liquid.** The
obtained value for A is consistent with other nonmagnetic
HF systems, for example, for CeSn; A = 0.001 uQ cm/K2
(Ref. 45), for CePd; A = 0.1 Q2 cm/K? (Ref. 46), and for
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FIG. 16. (Color online) Electrical resistivity for Ce;CosSni;
under applied pressure. The inset shows the Ap data vs log 7', where
Ap = p(Ce3Co04Sn;3) — p(LazCosSnys).

CeAl; A =35 uQ2 cm/K? (Ref. 47). The p ~ T2 behavior is
also predicted within the paramagnon model*® for magnetic
HF systems. The resistivity of Ce3M4Snj3, when po(T) is
subtracted by the phonon contribution does not show Ap ~ T2
behavior. Resistivity exhibits, however, the coherence effect in
Fig. 14(b) with Ap ~ —InT behavior above ~30 K. Using the
standard expression for the virtual bound state width,’® we
obtained that Teon ~ k' 7 VI N(eF) ~ A/kg = 200 K, with
the correct order of magnitude. On the basis of these results,
we have singled out both the spin-fluctuation contribution
coming from the d electrons of element M and the Kondo-type
scattering above coherence of the f states.

In Fig. 14, the temperature dependence of the resistivity for
Ce3Co4Sn;3 is quite different. It displays a metallic behavior
above ~160 K, while below this temperature, the p(T)
behavior is similar to that of CesRhsSn 3 and the La-reference
compounds. Since x-ray diffraction analysis has suggested
a possible local distortion below ~160 K (see Fig. 2), this
intriguing po(7T) dependence might be accompanied by a
change of the electronic structure. Earlier, we argued that even
asmall change of the local symmetry of the trigonal Sn2 prisms
around Rh can significantly change the energy dispersion
near the Fermi level. From ab initio calculation results, a
pseudogap along the high-symmetry k-vector directions and a
semimetallic character of both CesRhsSn;3 and Ce;Co4Sn3
compounds are predicted. Moreover, this three-dimensional
network of corner-sharing Co/Rh(Sn2)s prisms generates two
different cages occupied by Ce and Sn1 atoms; a small change
of the local symmetry [e.g., of the Co/Rh(Sn2)¢ prisms] leads
to variation in the charge density of the surrounding Ce ions. As
a result, we expect stronger hybridization effects in distorted
Ce3Co4Sn;3 than in Ce3RhySny3, as was experimentally con-
firmed by XPS. This scenario explains the observed transition
at ~160 K between the semimetallic and metallic behavior in
Ce3Co4Sn;3. For this compound, the hybridization parameter
A is twice as large as it is in Ce3Rh4Snj3. Furthermore,
the electrical resistivity of Ce3Co4Sn;3 under pressure fully
supports this interpretation. In Fig. 16, the pressure effect
is small in the metallic state, that is, above ~160 K, while
for T < 160 K, the resistivity increases with pressure. The
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pressure effect on the electrical resistivity of HF systems
can be understood by broadening the hybridization effect
and reducing the energy difference between the Fermi level
and 4 f levels (cf. Refs. 49 and 50). Figure 15 displays the
pressure-increased resistivity of Ce;RhySny3 in the whole T
range, which does not suggest any structural change in this
compound. Moreover, a clear coherence effect with Ap ~
—In T behavior is observed. The logarithmic decrease at high
temperature is preserved under pressure and with no variation
of the slope 0Ap/dInT (cf., Ref. 49).

Finally, we discuss the electrical resistivity under external
pressure at low temperature. Figs. 15 and 16 exhibit a
logarithmic increase of p(7T) between ~3 K and ~10 K due
to the singlet Kondo impurity effect. We can also approximate
the low-T resistivity by an activated law: p ~ exp(AE/kpT),
with fitting parameters AE = 0.14 K for Ce;RhySny3 and
0.32 K for Ce3zCo4Sny3, respectively, in the T range 4.5 K
to ~15 K. However, the energy gaps AE are two orders
in magnitude smaller that the calculated pseudogap for
these materials; therefore, the —In 7 behavior is much more
probable than the activated one. The maximum in p(7) at about
2 K is generally due to the magnetic correlations; however, the
physics of the ground state of both Ce; M4Sn;3 systems is more
complicated. The nature of this low-7" maximum reflects an
interplay of crystal-field effects, magnetic correlations, and the
characteristics of HF metals.

IV. CONCLUSIONS

The principal purpose of this work was to determine the role
of on-site hybridization between the 4 f-electron and conduc-
tion electron states in the physical properties of CesRhySny3
and Ce3Co4Sn; 3. We have presented a comparative analysis of
the magnetic and electric transport properties of both systems.

PHYSICAL REVIEW B 86, 205113 (2012)

The reference compounds, LazM,Sn;3, exhibit spin fluc-
tuations and superconductivity. Spin fluctuations are also
observed in Ce;M4Snj3 in the resistivity p ~ T2 data. Our
thermodynamic investigations confirmed that the compounds
Ce3;M4Snj; (M = Rh, Co) are strongly correlated f-electron
materials. The comparative studies show, however, a sig-
nificant difference between the Co and Rh-based samples.
CesCo4Sn;3 has more strongly hybridized f and conduction
electrons than does Ce;RhySn;3. The stronger hybridization
energy A and the small structural distortion leads to the
semimetal-metal transition at about 160 K that is not character-
istic of Ce3Rh4Sn;3. We also note that the electronic structure
determines the electric transport properties of both materials.
The relatively high electrical resistivity in the paramagnetic
region results from the semimetallic character of both samples.
The structural distortion in Ce3;Co4Sn;3 can, however, modify
the energy dispersion dependencies E (k) in the high-symmetry
directions in the Brillouin zone. As a consequence, there is a
possible metallic phase above ~160 K.
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