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Electrical resistivity of the heavy-fermion-filled cage compound
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The effect of pressure on electrical resistivity of heavy-fermion compounds Ce;M,Sn;3, where M = Co,
Rh, Ru, and the La; M4Sn;; counterparts is studied in the framework of the fully relativistic full potential local
orbital method. The experiment shows that the electrical resistivity of Ce;CosSn;; and Ce;RhySn;; increases
with pressure, a similar pressure effect is obtained for isostructural La-based reference metals, while opposite
behaviors under pressure are documented for Ce;RusSn;3 and La;RusSny3. The contrasting pressure dependent
effects of Ce;Co4Sn;3 and Ce;RuySn; 3 are discussed. In order to clarify the various phenomena the band-structure
calculations under applied pressure were performed. Here, we show that the resistivity increase with pressure
arises from the formation of interband distances at the Fermi level in Ce;Co,4Sn;3, this pseudo-gap-like effect is
also pressure dependent, while in Ce;RusSn,;; the opposite change of resistivity results from the suppression of

spin fluctuations under pressure.
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I. INTRODUCTION

Heavy-fermion (HF) Kondo lattices display various behav-
iors, still not well understood, which determine fundamental
issues of experimental and theoretical investigations. Current
research focuses on the physical properties associated with
the possible quantum phase transitions between magnetic
and nonmagnetic ground states in these materials, since
the transition can be relatively easily attained by tuning
the competing Ruderman-Kittel-Kasuya-Yosida (RKKY) and
Kondo interactions. Several studies under external pressure
on cerium-based systems have shown novel phenomena
accompanying the presence of the quantum critical point
(QCP), which show deviations from Landau Fermi-liquid
theory in the electrical resistivity p, magnetic susceptibility
X, and specific heat C. The Doniach diagram [1] qualitatively
explains the ground-state properties of a Kondo lattice system.
The model is based on the relative strength of two competing
phenomena, both dependent on the coupling J;s; between
the local 4 f moments and the conduction band: the RKKY
magnetic interaction leading to the magnetic ground state
below Trxky ~ J_%SN (er) and Kondo effect depicted by Tx ~
exp[—1/JsN(er)], where N(er) represents the density of
states (DOS) at the Fermi energy. In localized f electron sys-
tems and in the systems with broad, flat, and degenerate bands
N(ep) is generally expected to decrease with pressure [2].
However, in correlated electron Ce-based systems, the sharp
peak in DOS due to 4 f electron resonance is situated in close
proximity to the Fermi energy. Dynamics of this resonance
with respect to the Fermi energy can be profoundly different
depending on whether the 4 f apex is below or above the
Fermi energy. Thus, one can expect that either a decrease or an
increase in the density of states could be assigned to the general
pressure effect. Therefore the increase of p with pressure in
a typical heavy-fermion Kondo lattice system, when observed
above Kondo temperature [3] or temperature of the coherence
between Kondo ions in the lattice [2,4-6], is asc;ibed to the

P

increase of Jy; with pressure [7,8]. A positive 75 behavior

has been recehtly observed for Ce;CosSny3 [9]. Recent studies
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have shown that Ce;Co4Sn;3 exhibits a behavior characteristic
of Kondo lattice systems with comparable Kondo and magnetic
energy scales and is indeed near a QCP [10,11]; moreover,
C(T)/T, x(T), and p(T) indicate below T ~ 1 K a presence
of the antiferromagnetic correlations. We also demonstrated
for Ce;Co4Sn; 3 the positive pressure effect j—g [12], much
stronger for T < Tp =~ 160 K, i.e., below the subtle structural

distortion at Tp, than the j—’; value obtained at the temperatures

T > Tp. The positive value of j—ﬁ was at T < Tp also
proved for Ce3RhsSny3 [12], while for CesRusSnj; and its
La counterpart j—g < 0. There are many experimental reports
that show a decrease in the resistivity with pressure, i.e.,
g—f, < 0, for La-based as well as other normal metals, which
can be simply explained by a change in the chemical potential
under pressure. This is, however, not a case of LazRusSn;s;
our band-structure calculations clearly documented that a
maximum in DOS located exactly at the Fermi level does not
have any dependence on the pressure within the pressure range
P < 2.6 GPa. The main goal of this work is to understand
why the value of j—; in the system of isostructural Ce; M,Sn;
compounds is negative for CesRuySn 3 and LazRusSn; 3. We
discuss these various pressure dependencies of the electrical
resistivity as a result of overlapping of several effects, the
most important being change of J, coupling and/or DOS at
€ with pressure and different covalent bondings in the system
of Ces M4Sn;3 compounds. The recent investigations [13—15]
revealed distinct anomalies in the electrical resistivity in
the series of Ce3M4Sn;3 compounds at Tp ~ 160 K, as a
result of a local structural deformation of the (Sn2),, cages.
We explained [15] that this structural distortion significantly
changes both the charge distribution inside the (Sn2);,
cages and the charge density accumulation between Rh or
Ru and Sn2 atoms, respectively, in Ce3;RhySn;; [16] and
CesRusSny3 [17]. Here, we present similar calculations for
Ce3Co4Sn;3. The energy bands and the densities of states
were calculated for respective CesM4Sn;3 compounds using
the fully relativistic full potential local orbital method. The
chemical bondings between different atoms were analyzed
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based on the charge density maps obtained from band-structure
calculations.

II. EXPERIMENTAL DETAILS

Polycrystalline Ce; M4Sn;3 and LazM4Sn;3 samples were
prepared by arc melting the constituent elements on a water
cooled copper hearth in a high-purity argon atmosphere with
an Al getter, and then annealed at 870 °C for two weeks. All
samples were carefully examined by x-ray-diffraction analysis
and found to have a cubic structure (space group Pm3n) [18].
As shown in Fig. 1, the unit cell contains two formulas of
Ce;M4Snj; with Snl, Ce, metal M, and Sn2 occupying the
2a, 6d, 8e, and 24k Wyckoff sites, respectively (in the figure
M = Co). Stoichiometry and homogeneity verified by the
microprobe technique (scanning microscope JSM-5410) and
by XPS analysis are close to the nominal ratio 3:4:13.

Ambient pressure electrical resistivity p was investigated
by a conventional four-point ac technique using a Quantum
Design physical properties measurement system. Electrical
resistivity measurements under pressure were performed in
a beryllium-copper, piston-cylinder clamped cell (for details,
see Ref. [12]).

The band-structure calculations were accomplished using
fully relativistic full potential local orbital method (FPLO9-
00-34 computer code [19]) within the local spin density ap-
proximation (LSDA). The exchange correlation potential V.,
was used in the form proposed by Perdew and Wang [20]. 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

O

FIG. 1. (Color online) The unit-cell structure of Ce;Co4Snj3
highlighting the arrangement of the Snl(Sn);, cages and corner-
sharing Co(Sn2)g trigonal prisms. Ce atoms are shown as green balls,
Co atoms are red balls, Sn2 are gray, and Snl are dark green balls.
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within fully relativistic calculations reduce 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. Charge density was evaluated on a
52 x 52 x 52 point grid within the unit cell. The calculations
have been performed in a full relativistic spin-resolved way
as the nonmagnetic calculations are inherently not reliable for
heavy elements such as rare-earth based compounds where the
spin-orbit interaction plays an important role.

III. RESULTS AND DISCUSSION

A. Covalent bonding in Ce;Co4Sn;3: A reference to covalent
bonding in Ceth4Sn13 and Ce3Ru4Sn13

Recently [16,17] we presented the electronic structure of
La-doped Ce3;RhySn;; and Ce;RuySnj; and found covalent
bonding between atoms in the unit cell. The charge density
difference analysis displayed in both compounds a charge
accumulation between the d electron type metal M (Rh or
Ru) and Sn2 atoms, which implies a strong covalent bonding
interaction. The second type of charge accumulation was
calculated between the Sn2 atoms with possible contribution
from the neighboring Ce and Snl atoms. We suggested that
these bonding features among metal M and Sn2 atoms as well
asbetween Sn1 and Sn2 could be a reason of slight deformation
of Sn1(Sn);, and Ce(Sn);, cages, which indeed is observed
at about 160 K [15]. This subtle structural change from the
cubic phase to the superlattice variant was observed within the
Ces3M,4Sn;3 series with accompanying anomalies in electrical
resistivity, magnetic susceptibility, and specific heat [13,15].
However, the comparison of the three-dimensional charge
density map recently calculated for Ce;Rh4Sn;z [16] and
CesRuySny; [17] explicitly shows significant difference in Ap,
inside the trigonal prisms. The charge density Ap, is defined
as a difference between the electron density of the Ce3 M4Sn ;3
and the electron density of respective Laz M4Sn;3 counterparts
to highlight the role of Ce atoms in the binding. Here, we
present the charge density analysis for Ce;Co4Sn;3 in order
to compare the charge density map calculated for the series
of Ce3M4Sn;3 compounds. In result, we hope to explain the
various behaviors of the electrical resistivity under pressure,
experimentally documented for the corresponding Ce; M4Sn 3
compounds.

Figures 2—4 display the difference in charge density Ap,,
to compare the reorganization of charge distribution between
atoms of the CesM4Sn;3 compounds. Thus, charge accumu-
lation between Co and Sn2 atoms, shown in Fig. 2, displays
a high charge density Ap, located in the plane (004—11) between
Co and Sn2 atoms, which looks similar to Ap, between Rh and
Sn2 atoms in Ce3Rh4Sn;3. The Ap, distribution in CezRusSny3
is quite different; it shows the maximum in charge density Ap,
located near Ru atoms.

The change in charge density Ap, along the bonding line
Snl1—M—Snl is for the series of CesM4Snj3 compounds
compared in Fig. 3. It is worth noting that the Ap, change
on Ru is positive, while for Ce;RhsSn 3 and Ce3CosSn 3 Ap,
on metal M it is negative. The negative value of Ap, indicates
the shift of the charge from the Rh and Co atom to inside
the (Sn2)¢ cage. Figure 4 exhibits Ap, change along the line
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FIG. 2. (Color online) Difference charge density map Ap, in electron//o\3 for Ce;CosSn,; is compared with Ap, obtained recently for
Ce;RhySny; [16] and for Ce;RuySnys [17], and comparison of Ap, in the plane (00%). The white dotted line sets the direction of the charge

distribution between the metal M and Sn2 atoms located in the plane.

between the atoms Snl and Sn2. It seems interesting that the
charge accumulation inside the cage Sn1(Sn2);, between Snl
and Sn2 atoms is for Ce3;Co4Sn;; qualitatively similar to that
found for Ce3RhySn;3, but is quite different for Ce3RusSn;3.

B. Band-structure calculations under pressure

The calculated density of states were recently presented
for CC3C04SH13 [21], CC3Rh4SIl13 [22], and CC3RU4SD13 [23]
Here we are more concentrated on the effect of pressure
on the band structure of these compounds. To obtain the
pressure dependencies of the bands, the respective DOSs
were calculated for the hypothetical lattice parameters of
Ce3Co4Sn;3 and Ce3RusSnis smaller with respect to that
measured at room temperature (unit-cell volume decreases
with pressure). We used the Birch-Murnaghan isothermal
equation of state [24] to estimate hypothetical applied pres-
sure corresponding to systematic decreasing of the unit-cell
volume: V(P) = V(0)[1 + %P]_I/B/, where V(0) is the unit-
cell volume experimentally obtained at room temperature
and ambient pressure, while the bulk modulus By and its
pressure derivative B’ were calculated for the respective
compounds (for Ce;CosSn;3 we calculated B = 100.93 GPa
and B’ = 4.82; for Ce;RusSn;3,B = 100.65 GPa and B’ =

Ap, (10 e/A%)

0 2 4 6 8
d (A)

FIG. 3. (Color online) A comparison of the calculated charge
density Ap, plotted along line representing the nearest-neighbor
Snl—M —Snl bonding in the series Ce; M4Sn;3, where M = Co, Rh
(the Ap, data from Ref. [16]), Ru (cf. Ref. [17]).

4.38). Figures 5-7 show the pressure dependent DOSs for
Ce3Co4Snj3 and CezRuySnj;, respectively. In both cases
the metal M d bands mainly contribute in the energy range
—0.5to — 3 eV, while the 4 f states form a sharp DOS peak
located above the Fermi level in the electronic bands. The small
occupation of Ce 4 f states forms a small peak located at about
0.1 eV below €f. The electronic structures of the Ce; M4Sn;3
compounds were recently discussed in detail [15,21,22]; here
we investigate the change in density of states at high pressure
in order to explain opposite trends experimentally observed in
the response of Ce;Co4Sn;; and CezRusSnj3 to the applied
pressure.

The calculations show the following consequences.

(1) Although the pressure effect on the shape of DOSs either
in Ce3Co4Snj3 or CesRusSny; is rather small, the density of
the electronic states located near the Fermi level with binding
energies |€ — ep| =~ kgTp is evidently pressure dependent.
Moreover, the energy shift near € for the bands in Ce;CosSn;3
is found to be different than that calculated for CesRusSn;s3.
In CesRuySnj; [see Fig. 5(b)] the maximum in total density
of states does not show any significant pressure effect (shift)
at € = €p, while for the energies |¢ — €r| 2 0.1 eV the DOS
simultaneously shifts with increasing pressure towards higher
energies |€| either in the occupied or empty side. In this case

0.8 T T T T
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& 0.0
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FIG. 4. (Color online) Calculated charge density Ap, plotted on
the line between Snl and Sn2 atoms (cf. Fig. 1) for different
Ce3;M,4Sn;; compounds, where M = Co, Rh [16], Ru [17].
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FIG. 5. (Color online) The total and spin-resolved density of
states within LSDA approximation at different pressure calculated
for Ce3Co4Sn;3 (a) and for Ce;RuySn;3 (b). The inset to panel (a) and
(b) displays the details in pressure dependent total DOS near the Fermi
energy for the respective compounds. The total DOSs show different
energy shifts near e for the bands calculated for Ce;Co4Sn;3 (a) and
for CezRuySny3 (b); the effect is discussed in Sec. 111 B.

the total DOS at € ¢ slightly decreases with increasing pressure
as shown in the inset to Fig. 5(b). Such variation in DOS
with pressure is theoretically predicted for electron-type HF
metals [25]. Figure 6 shows a similar sharp peak in the d bands
of LazRuySn;3, however the density of states in the vicinity
of the Fermi level does not exhibit any pressure dependence,
characteristic of CesRuySn;;. For Ce;Co4Sn;3 the pressure
effect on the bands near the Fermi energy is, however, different
[see the inset to Fig. 5(a)]. Here, the total DOS exhibits for
P = Othe pseudo-gap-like interband distance, which separates
two pronounced maxima of the f electron states hybridized
with the conduction electron states, located symmetrically at
about 0.07-0.09 eV below and above €. Both maxima first
move towards €r with P in the range of P < 2.7 GPa (this
means that the f DOSs are located at lower energy |e| in
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FIG. 6. (Color online) The total and spin-resolved density of
states within LSDA approximation under the pressure 0 and 2.6 GPa,
calculated for LazRu,Sn;3. The inset displays the details in pressure
dependent total DOS near the Fermi energy. The sharp maximum
in DOS at €7 can cause spin waves experimentally observed in
LazRuySny; (discussion in Sec. 111 B).

the occupied and empty bands for P < 2.7). This pressure
behavior is characteristic of hole-type HF metals [25], while
the opposite trend is observed for P > 2.7 GPa, suggesting
the electron-type conductivity at higher pressure.

(i1) Both Ce3RuySn 3 and LazRusSn 3 compounds exhibit
a sharp peak in the total DOS located exactly at the Fermi
energy [see Figs. 5(b) and 6], which mainly represents the
Ru 4d electron states and also the amount of Ce 4 f and
5d electron states in CesRuySn;; or Ru 4d electron states
in LazRuySn;3, which are strongly hybridized with the band
states, respectively. There is probably the same origin of nega-
tive dp /d P pressure effect in these two compounds, regardless
of whether magnetic Ce or nonmagnetic La is involved. The
high DOS at €r increases the electron-phonon interaction,
therefore one possible explanation is that electron-phonon
coupling drives the observed negative pressure dependencies
in CesRusSni3 and LazRusSn3. This scenario, however, is
questionable taking into account a whole series of Ce; M4Sn3
and La3zM4Sn;; isostructural compounds with very similar
phonon spectra and enhanced value of DOS at €, which
is for Ce3;Co4Snj; and CeszRhySnyz about 1/2 of N(ep)
obtained for Ce;RusSn;3. Another scenario assumes that high
N (er) not only increases the electron-phonon interaction but
also strengthens the spin fluctuations. For Ce;RusSn;3 and
LasRuySny3 a sharp peak of 4d electron states at €y indeed
could lead to d electron spin fluctuations (e.g., in similar
cage CeRhSn; and LaRhSn; [26] or CeRh,Sn4 and LaRh;Sny
[27] a Fermi-surface analysis shows that there are some
parallel sections of the d electron sheets which could generate
nesting instabilities and be responsible for the spin fluctuation
effects), which seem to be important to explain experimentally
observed P dependence in resistivity for CesRusSn;3 and
LasRuySny3. Moreover, the resistivity of LazRusSn;3 is well
approximated by the T°/3 law from 8 K (LazRuySn;; shows
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FIG. 7. (Color online) Atomic partial 4 f density of states for Ce
(a), 3d states for Co (b), and Sn2 4s states (c) obtained for Ce;Co4Sn 3
at different pressure; the figure compares the data obtained for P = 0
and 2.7 GPa. The inset displays Sn2 4s conduction states for energies
le —ep| ~ kpTp.

a superconducting state below ~4 K [38]) up to ~40 K at the
applied hydrostatic pressures, demonstrating the persistence
of the contribution of spin fluctuations to the resistivity.

(iii) In Table I we summarize the density of states at
the Fermi energy for both compounds. The N(ep) explicitly
decreases with increasing P. In the table also are listed the
energies €, of the maxima in Ce 4f states with respect
to the Fermi level [28]. In effect, the high-temperature
logarithmic slope in resistivity above the Kondo temperature
and the high-temperature p value vary with P, which may
indicate that |J;SN (er)| in the Kondo lattice system [29]
varies with P too. Regarding the coupling constant Jyg,,

2
we consider the Schrieffer-Wolf expression J¢, = \ei‘:f;\
[30], where V, = [A /7 N(ep)]'/? is the f conduction-band
hybridization matrix element. The hybridization parameter

PHYSICAL REVIEW B 92, 155136 (2015)

TABLE 1. The pressure dependencies of total density of states
N(ef), hybridization matrix element Vy,, 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 for
CC3C04SHI3 and C€3RU4SH13.

P N(er) Vs le; — €rl Jys
Compound (GPa) (eV~!'fu."!) (meV) V) (meV)
Ce;Co4Sn3 0 15.7 534 0.09 65.7
0.5 14.9 54.7 0.09 65.6
2.7 18.8 49.2 0.08 60.4
52 16.7 51.7 0.085 59.4
8.0 15.5 53.6 0.09 60.5
11.2 15.4 53.8 0.09 64.3
14.8 14.0 56.3 0.095 66.1
18.9 11.5 62.2 0.11 70.4
23.6 104 65.5 0.11 77.9
Ce;RuySny; 0 38.3 24.1 0.043 26.9
0.5 37.5 24.7 0.045 27.0
2.7 35.8 24.9 0.046 27.0
5.1 35.0 25.2 0.047 27.1
7.9 332 259 0.05 27.0
10.9 344 25.5 0.053 24.9
14.4 322 26.3 0.055 25.2
18.3 30.0 27.3 0.058 25.6
22.7 27.8 28.3 0.063 254

A which describes the hybridization part of the Anderson
impurity Hamiltonian [31] was recently obtained from the
core level Ce 3d x-ray photoemission spectroscopy (XPS)
spectra [15] using the Gunnarsson and Schonhammer method;
for details see Refs. [32-34]. The applied pressure increases
hybridization V, and in consequence increases J r,; see Fig. 8.

As shown in Table I pressure explicitly changes the
hybridization matrix element V. Previous experiments [35]
confirmed that the pressure tends to promote an increase
in hybridization for the electron-type heavy-fermion metals,
while the pressure leads to the opposite effect for the hole-type
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FIG. 8. (Color online) The pressure dependence of the hybridiza-
tion matrix element V, = [A /7 N(€r)]'/?, where A &~ 140 meV for
Ce3Co4Sny3 and ~70 meV for CezRusSn3 (cf. Ref. [15]), and Jy,
coupling between f electron and conduction-band states vs P.
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Ce3Co,4Sn 5 (spin down)

M r K R M R

Ce3CoySny5 (spin up)

FIG. 9. (Color online) The energy-band structure of Ce;Co4Sn;3
for spin-up and spin-down channels along the high symmetry
directions.

HF compounds. We therefore suggest that the decrease of Vg
and Jy, obtained with increasing P for Ce3;Co4Sn;3 within
P < ~3 GPacan among other things correspond to a hole-type
character of this compound.

(iv) The dispersion curves calculated for applied pressure
along the I'-R-M-I'-R-M-X-M k path in the reciprocal
primitive cell are shown in Figs. 9 and 10 for Ce;CosSn;3
and Ce3RuySny3, respectively. In the case of CezRusSn;3, the
character of the spin-up and spin-down states in the vicinity
of er remains the same, while the energy-band structure of
Ce3;Co4Sn;3 for spin-up and spin-down channels is slightly
different. Moreover, the spin polarized bands calculated for
CesCo4Sn;3 show an interband distance of majority-spin band
structure at €z in I'-R-M, I'-M, and X-M k directions which
is, however, not visible in the band structure of CezRusSn;3.
The similar interband distance of minority-spin band structure
in Ce3Co4Sn3 is clearly observed in Fig. 9 (upper panel) for
P # 0. This interband distance versus P change correlates
with the electrical resistivity data under external pressure,
as shown in Fig. 11(a), which means that the semimetallic
character of Ce;Co4Sny3 is stabilized by pressure and explains
the strong and positive j—’; effect in the temperature range
T < TD.

One can also assume a small concentration é of vacancies in
the 2a sites (see Ref. [22]) as another reason for semimetallic

PHYSICAL REVIEW B 92, 155136 (2015)

CezRu,Sny;

FIG. 10. (Color online) The energy-band structure of
Ce;RuySny; for the spin-up channel. The band structure for
spin-up and spin-down channels is the same.
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FIG. 11. (Color online) Electrical resistivity for Ce;Co4Sn;3 (a)
(these p vs P data were previously presented in Ref. [12]) and
Ces;RuySny; (b) under applied pressure. The inset to panel (b)
displays the resistivity of LazRu4Sn;3 vs pressure (cf. Ref. [38]). For
Ce3Co4Sn 3 and CesRhySn; (cf. Ref. [12]) the effect is observed
rather weakly above T, (where Tp is the temperature of the
crystallographic distortion), while at the low-temperature range the
effect is significant.
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character of the off-stoichiometric Ce;Co4Sn;5_s. As a result
of the inclusion of vacancies, another pseudo-gap-like inter-
band distance shown in Fig. 9 at about —0.2 eV in the bands of
the stoichiometric compound can move towards Fermi level,
which in consequence could also give the pressure increase of
p. The effect of subtle changes of the bands in the vicinity of
the Fermi level is hypothetically possible. To prove it, we
calculated the band structure for Ce;CosSnj3_s simulating
the vacancies in the 2a sites by considering a Sn number
of electrons Z slightly lower than 50. This procedure indeed
shifts the —0.2 eV pseudogap to the Fermi level for Z = 49.9,
which is equivalent of § = 0.65 (the results are not shown
here). Although such a large number of vacancies has not
been demonstrated by microanalysis [11], the semimetallic
character of Ce;Co4Sn ;3 resulting from Sn vacancies seems to
be possible.

In the both Ce-based systems the bands form the holelike
Fermi surface along I'-R-M,I"-M, and X-M directions, which
can also contribute to pressure dependencies of the low-
temperature resistivity in these heavy-fermion compounds.

Here, we have presented calculations for several com-
pounds with Ce3 M4Sn3 stoichiometry. In order to compare
different compounds in a consistent way, we decided to
carry out our calculations without additional 4 f correlations,
namely, for U = 0. There is no reason why in case of
LSDA + U calculations the U parameter should be for all
compounds the same. The usual way to determine U is to
compare the experimental XPS spectra with calculations for
different U values. However, in our case the 4 f contribution
to XPS measurement is masked by the d states of the transition
elements. Moreover, the minimal spin polarization observed
from magnetization data also suggests a very small value
of U across the investigated compounds, as even moderate
U usually gives substantial moments located on Ce atoms
due to splitting of Ce 4f states [36]. It should be also
noted that LSDA + U calculations can lead to various ground
states depending on initial density matrix setup. The initial
conditions can change the obtained ground state. Therefore,
one should also choose the initial conditions in such a way
that the obtained ground state will match the experimental
data or at least be weakly dependent on initial conditions.
Finally, U can be included in calculations in several ways [37];
in a real system the additional correlations should be some
weighted average between the fully localized limit and around
the mean field approach. Here, the weight would also have to
be different for different M elements in Ce3M4Sn;3, which
would make comparison of subtle DOS features impossible.
For several Ce;M,Sn;3 compounds there are just too many
free parameters within LSDA 4 U to make reasonable and
consistent predictions about the subtle shape of DOS near
Fermi level.

IV. ELECTRICAL RESISTIVITY OF THE
HEAVY-FERMION-FILLED CAGE COMPOUND Ce;M,Sn;3
(M = Co, Rh, Ru) AT HIGH PRESSURE,
CONCLUDING REMARKS

Figure 11 displays electrical resistivity for Ce3;Co4Sn;3 (a)
and CeszRuySny3 (b) under applied pressure. In panel (a) the
pressure effect is strong and positive below the temperature
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Tp ~ 160 K, where the subtle structural transition due to
deformation of the (Sn2);, cages was reported [15]. Our
band-structure calculations indicate for a ground state (T = 0)
of Ce3Co4Sn;3 a semimetallic character, which is enhanced
in applied pressure; cf. Fig. 9(b). For simplicity in ab initio
calculations we did not take into account the low-temperature
superlattice variant of the cubic structure, however we have
found strong charge accumulation between Co and Sn2 atoms,
which can be a reason of strong covalent bonding and as a
result of structural distortion below 7. Due to the fact that the
positive value of j—f, is clearly visible either for Ce3CosSn3
[cf. Fig. 11(a)] or CesRh4Sny3 [12] for T < Tp, we limit
our discussion only to the low-temperature region (i.e., for
T < Tp), although the pressure effect is pronounced over the
range of T for Ru samples, and signals quite different nature.
The interband distance at ~ep is stable at high pressure,
while the number of conduction 4s Sn2 electrons evidently
decreases within energies |€ — er|/kp < 160 K; both effects
explain the positive value of j—ﬁ > 0 below Tp. For T > Tp
the increase of p with pressure is observed to be much
smaller and can be explained by a change of T, with
P, characteristic of the heavy fermion. The holelike bands
at the Fermi energy are in Ce;Co4Sn;; another reason for
the increase of j—‘; with pressure. It has been documented
theoretically [25] for the hole-type HF metals that the electrical
resistivity p increases with pressure below T = Tp.x, in case
of Ce3Co04Sn;3 Tnax = Teon ~ 60 K [11], and the holelike
pressure effect giving additional contribution to the resistivity
is possible. Figure 12 exhibits j—g for the series of Ce3 M4Sny3
and respective La counterparts [the P-dependent p(T") data
are presented in Ref. [38]]. The j—'; > 0 behavior under
pressure, experimentally documented for La;CosSnys [39],
can be interpreted as a result of its band-structure properties
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FIG. 12. (Color online) Electrical resistivity p at T =6 K vs
pressure, normalized to p at 7 = 6 K and P = 0 for the series of
Ce3; M4Sn; and the La counterparts. The p(T) vs P data were taken
for Ce;RhsSny; from Ref. [12], while for respective La-reference
compounds from Refs. [38,39].
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near the Fermi energy similar to that in Ce3Co4Sn3, and the
holelike scattering process [21].

Within the series of Ce; M4Sn;3, a similar positive g—f; effect
is explicitly shown for Ce;Co4Sn;3 and Ce3RhySnj3 in the
temperature region 7 < Tp (cf. Fig. 12 and Ref. [12]), which
suggests a similar complex mechanism for p versus P behavior
in the CesRhySn;3 and Ce3Co4Sn;3 compounds. Indeed, the
electrical resistivity of Ce3RhySn;; increases with pressure
for T < Tp [12] and the charge accumulation between Rh and
Sn2 atoms shown in Fig. 2 is very similar to that calculated
for Ce3;Co4Sn;;. If we assume that the local distortion of
Sn cages can be a reason of changes in the energetic bands
near the Fermi energy, and consequently affects the p versus
P, then quite different charge distribution between Ru and
Sn2 atoms shown in Figs. 2 and 4 explains the rather weak
distortion effect observed in CesRusSn;3, and its impact on
j—g. Therefore, the negative electrical resistivity variation with
pressure shown in Fig. 12 for CesRusSn;3 can be discussed
as a result of the pressure variation of DOS at €. However,
since the negative p versus P change for Ce;RusSn 3 below
the temperature Tine ~ 50 K of the inflection in p(7) can
be explained theoretically for the electron-type HF Ce-based
metal [25], the decrease in p with P for temperatures T > Tiys
is in contrast to theoretical predictions. Even more difficult
to explain is the observed decrease of resistivity p with P
in a wide temperature range for the LazRusSn;3 counterpart,
as shown in the inset to Fig. 11. The negative effect of
pressure is, however, expected for the spin fluctuated system
as a result of the increased delocalization of f or d states
due to hybridization with the conduction electron states. In
fact, almost all the high-pressure studies on spin-fluctuation
systems reported so far indicate suppression of spin fluctuation
under pressure and in consequence the decrease of the
resistivity with P [40—42]. This can be the case for Ce;RusSn3
and its La counterpart. Very recently [23] we presented the
total energy of the simulated Ce;RuySn;; crystal versus fixed
spin moment (FSM) derived from FSM calculations using
the virtual crystal approximation. The calculations showed a
broad minimum at about 4 pp per unit cell which suggests
that the compound becomes magnetically unstable. We also
calculated total energy versus FSM for Ce;Co4Sn;3, which
did not exhibit any minimum and confirmed that the Co
system forms a more stable nonmagnetic ground state. From
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the above discussion it appears that the magnetic instability
of CesRuySny3 and LasRuySnj3 can qualitatively explain the
high-pressure p effect in any temperature range.

V. CONCLUDING REMARKS

The contrasting pressure dependent effects in resistivity of
Ce3Co4Sn;3 and CesRuySny3 heavy-fermion compounds are
discussed as revealing the different band-structure properties
of these systems under pressure. In a heavy-fermion system
the increase of the resistivity with pressure, reported above
the characteristic temperature Tk or T, 1S ascribed to the
increase of Jy, coupling between f electron and conduction
electron states with pressure. This can be one of the possible

reasons for the positive value of j—; in Ce;Co4Sn;; and
CesRhySn;3, however a similar positive j—f, behavior is also

documented for respective La references. The effects of
pressure on Ce3;CosSnj3 and LazCo4Sn 3 are studied in the
framework of FPLO band-structure calculations. We docu-
mented that the main cause of 5—;), > (0 behavior is the interband
distance located at the Fermi level in the energy bands. This
interband distance increases with pressure and leads to strong
increase in p under pressure; the effect is especially strong
for T < Tp. In case of CezRusSn;3 and LasRusSn;; the
resistivity decreases with pressure; this opposite and unusual
for HF materials pressure effect is attributed to the suppression
of spin fluctuation under pressure. Finally, we noted that
the charge density distribution between metal M and Sn2
atoms in the system of Ce; M4Sn;3 compounds is very similar
for M = Co and Rh, while quite different for M = Ru.
The different covalent bondings, resulting from the charge
density distribution in the plane (OO%), lead to local structural
distortion of the cages in Ce3Co4Sn;3 and Ce3;RhySn;3, and in
consequence to semimetallic properties below the temperature
of structural distortion Tp.
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