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Abstract

We present the evolution of the low-temperature thermodynamic, galvanomagnetic and
thermoelectric properties of the type-I clathrate BasNi.Gess.r,0, with the Ni concentration
studied on polycrystalline samples with 0.0 < x < 6.0 by means of specific heat, Hall effect,
electrical resistivity, thermopower and thermal conductivity measurements in the 2 — 350 K

temperature range and supported by first-principles calculations. The experimental results
evidence a 2ax2ax2a supercell described in the space group la3d forx < 1.0 and a primitive

unit cell axaxa (space group Pmén) above this Ni content. This concentration also marks the
limit between a regime where both electrons and holes contribute to the electrical conduction

(x £ 1.0) and a conventional, single-carrier regime (x > 1.0). This evolution is traced by the



variations in the thermopower and Hall effect with x. In agreement with band structure
calculations, increasing the Ni content drives the system from a nearly-compensated
semimetallic state (x = 0.0) towards a narrow-band-gap semiconducting state (x = 4.0). A
crossover from an n-type to a p-type conduction occurs when crossing the x = 4.0
concentration i.e. for x = 4.1. The solid solution BagNi.Ge4.x-,0, therefore provides an
excellent experimental platform to probe the evolution of the peculiar properties of the parent
type-1 clathrate BasGessos upon Ge/Ni substitution and filling up of the vacancies, which

might be universal among the ternary systems at low substitution levels.

I. Introduction

Type-I clathrates represent a class of prospective thermoelectric materials for high-
temperature power generation applications.!* Low thermal conductivity is an inherent
property of these compounds and arises from their cage-containing crystal structure (Figure
1).%° This characteristic is one of the requisites which need to be satisfied in a thermoelectric

material whose efficiency is described by the dimensionless figure of merit

ZT = a’T | px = PT / k¥ where a is the thermopower, p is the electrical resistivity, x is the

total thermal conductivity, T is the absolute temperature and P =’/ p is the power factor.®

The large number of elements which can substitute the framework atoms enables a fine tuning
of the carrier concentration to optimize the ZT.? In this regard, the Zintl-Klemm concept plays
a central role in predicting whether a clathrate is a metal or a semiconductor.’

Recent investigation has proved substitutions of framework elements to be an efficient
way to enhance the thermoelectric properties of Ge-based type-I clathrates.®® The presence of
several elements in the framework leads to reduced lattice thermal conductivity together with

optimized power factors arising from the proximity to a semiconducting state. In particular, a



maximum Z7 of 1.2 was achieved at 1000 K in the BagNio31Zno.s2Gai3.06Gesn2 clathrate.!”
The knowledge about the influence of substitutions on transport behavior may therefore help
to further optimize the thermoelectric properties of clathrates. While this issue has been
settled for several elements such as Cu, Zn or Ga, some other elements (such as Al, In or Ni)
still lack a detailed investigation both from theoretical and experimental points of view.?

Prior investigations on clathrates in the Ba-Ni-Ge system have shown that a metal-
insulator and an n-type to p-type transitions set in, the latter feature being rarely achieved in
type-I clathrates.!!"!? Despite the fact that the composition at which this crossover occurs

remained debated until recently,!!:!?

it was clearly established that switching the electrical
conduction from n-type to p-type strongly influences the thermal transport which shows a

glass-like behavior in the p-type samples.!! A final conclusion regarding this issue has been

drawn from high-temperature transport measurements on BagNi.Gess 0, specimens with

compositions 0.2 < x < 6.0 demonstrating that the crossover sets in between x = 4.0 and 4.1.1
These investigations further revealed that the maximum Ni content at 700 °C is x = 4.2 atoms
per unit cell. This limit, significantly lower than those previously suggested, is consistent with
the study of Shi et al.'® showing by ab initio calculations that the composition x = 6.0 is
energetically unstable. These theoretical findings were experimentally confirmed by x-ray
diffraction data and transport property measurements revealing a limit of x = 4.0 (Ref.10) and
were coherent with the growth of large n-type single crystals with a composition
BasNi3 sGesr.1004.1°

The possibility to drive the system close to a semiconducting state together with an n- to
p-type crossover in the electrical conduction may provide an interesting experimental
platform to design thermoelectric materials of p- and n-type on the same elemental basis.
Further, the opportunity to extend the Ni concentration range down to x = 0 may also shed

light on the nearly-compensated semimetallic state of BagGessos and on its evolution upon



filling up of the vacancies.'¢

Herein, to address these as yet unexplored issues, we report a joint theoretical and
experimental study of the electronic band structure and low-temperature transport properties
of the BagNi,Gess.x-y0, clathrate phase in the actual compositional range 0.0 < x < 4.1. Our
results show a smooth evolution of the transport properties from a nearly-compensated
semimetallic state for BagGess3 towards a semiconducting behavior as the Ni content
approaches x = 4.0. A crossover from n-type to p-type conduction occurring above this

concentration is confirmed in agreement with first-principles calculations.

I1. Experimental and computational details

Polycrystalline samples were synthesized by direct reaction of the elements followed by
either annealing or steel-quenching. All the details concerning the preparation are described in
detail in Ref. 14, 17 and 18. The crystal structure, phase purity and homogeneity range of the
samples were investigated by powder x-ray diffraction (PXRD), scanning electron
microscopy (SEM) and wavelength dispersive x-ray spectroscopy (WDXS).!* X-ray
absorption spectra of the clathrate samples in the system Ba — Ni — Ge have been determined
close to the Ni K-edge (8333 eV) in transmission mode at EXAFS beamline C of HASYLAB
at German Electron Synchrotron (DESY).

Transport property measurements were performed on bar-shaped samples cut from the
steel-quenched samples into typical dimensions of 2X2X6 mm? with a diamond-wire saw.
Electrical resistivity, thermopower and thermal conductivity were simultaneously measured
using the thermal transport option of a physical property measurement system (PPMS-
Quantum Design) in the temperature range 5 — 350 K. Hall effect measurements were carried

out with an ac transport option of a PPMS between 2 and 300 K under magnetic fields ranging



from -5 to 5 T. A five-point method using copper wires attached onto the sample with a tiny
amount of silver paste was used. To dismiss any magnetoresistive contribution which may
obscure the intrinsic Hall signal, the antisymmetric part of the transverse electrical resistivity,

P, » under magnetic field reversal following the formula (o, (+1,H) - p,, (-1 H))/2 was

determined. Specific heat measurements under zero magnetic field were performed with a
PPMS by a standard relaxation method between 1.9 and 15 K and up to 300 K for selected
samples.

Electronic structure calculations were carried out using the all-electron, full-potential
local orbital (FPLO) method.?’ Perdew-Wang parameterization for the local density
approximation (LDA) to the density functional theory was employed to account for the
exchange-correlation effects.?! The clathrate BasNiGess-x-,0, contains framework vacancies
for all x less than 4.0, in such a way that the 6¢ Wyckoff position in the space group Pm3n
(no. 223) of the type-I clathrate structure may be occupied by Ge, Ni or be vacant. The
treatment of this disorder requires using supercells in the first-principles calculations.
Supercells were determined through the group-subgroup relations by paying attention to the
way the 6¢ position is split in possible subgroups. A convenient starting point for most of the
compositions is the space group Ia3d (no. 230) with cubic lattice parameter 2a. Apart from
the compositions with x = 2.0, y = 2.0 and x = 4.0, y = 0.0 (for which space group P4:22 (no.

91) based on the a x a x 2a supercell was used), all other cases were calculated in either

Ia3d or one of its subgroups (four formula units in the primitive cell in all cases, because all
subgroups considered are body-centric). The x values used are 0.5, 1.0, 1.5, 2.0, 3.0, 4.0 and
4.5 combined with suitable y values (Table I). The values of the lattice parameters and atomic
positions were taken from the experimental data on cubic crystal structure obtained for

compositions close to the ones used in the calculations.



II1. Results and discussion

A. Chemical and structural characterizations

Polycrystalline samples of BagNi«Geass.x, 0, were synthesized by two routes: by steel-
quenching (0.2 < x < 3.5, Ref. 18) and by steel-quenching followed by an annealing step at
973 K for 4 days (3.5 < x < 6.0). The nominal and actual compositions of the different
samples investigated together with the lattice parameters are listed in Table II. Hereafter, we
shall always use the actual composition to label the samples. Samples with low Ni contents
(0.2 <x<1.0; 2.0 <y <3.0), contain clathrate-I phase in the superstructure described in the
space group Ja3d (no. 230) together with small amounts of a-Ge or BagGes (Table II).
Samples with compositions 1.5 < x < 3.5 consist of clathrate-I phase in the space group
Pm3n (no. 223) along with, for some compositions, small inclusions of a-Ge and/or BagGess.
Samples prepared with x > 4.2 showed increasing amounts of NiGe and/or BaGe; as
secondary phases suggesting that x = 4.2 is the highest limit of the homogeneity range,
contrary to other reported studies.!!"'22223 Note that because the BagNisGeso sample with an
actual Ni content of x = 4.2 contains large amount of by-products, we limited our transport
properties investigation to the compositional range 0.2 < x < 4.1.

The clathrate phase with low Ni content can be considered as a solid solution of Ni in
the binary BasGes3os for 0.2 < x < 1.0 (a = 21.3079(2) A - 21.3189(1) A, Figure 2). In this
range, the vacancies can be filled up by Ni atoms (BasGes3NixO3.x), Ni atoms can substitute
Ge atoms with the number of vacancies kept constant (BagNicGes3..03) or both mechanisms
can take place simultaneously (BasNi«Gess.,0:; z = 3 — x + »). The lattice parameter of the
clathrate phase increases with the Ni content. A second existence field can be further divided

into two ranges. In the first range (1.0 <x < 3.5), Ni atoms progressively fill the vacancies (a



= 10.6612(1) A - 10.6803(1) A). The lattice parameter increases further with x up to a
maximum achieved at x = 3.5 (¢ = 10.6803(1) A, see Table II). The value of the lattice
parameter is in good agreement with that established for single crystalline BagNi3 sGe42.100.4
(@ = 10.6798(2) A),' but significantly larger than those previously reported for samples
supposedly prepared with higher Ni contents (x > 5, see Table II).!!?>23 In the second range
(3.5 < x < 4.2), the lattice parameter slightly decreases down to a = 10.6771(1) A for x = 4.1
and remains almost constant until x = 4.2 sample (10.6765(1) A) pointing to the Ge-by-Ni
substitution as the only mechanism in this Ni-content range (Figure 2).

The compositions of the samples were determined by WDXS (Table II). The Ba content
was considered to be 8 atoms per formula unit as determined from the single-crystal structure
analysis. From the WDXS results, the lower and upper limits of the homogeneity range in the
present series of samples were determined to be 0.2 and 4.2 Ni atoms per formula unit.

It was shown previously for several families of oxide compounds e.g., KNilOg, LiNiO»,
NiO, LaNiOs, LaNi2Os or LaNiO; that the x-ray absorption edge energy shifts to higher
values by increasing valence of the Ni atoms.?*? In this study, besides clathrate samples
(Figure 3a), the spectra of Ni foil, NiGe, Nil> and NiO were also recorded for comparison
(Figure 3b). As shown in Figure 3a, the Ni K-edge XANES region of the clathrate samples
shows almost identical features. Figure 3b shows that the position of the Ni absorption edge
of the clathrate samples is very close to those of Ni foil and NiGe, but is very well separated
from those of NiO and Nil,. Hence, we can conclude that the electronic state of Ni in the Ba-

Ni-Ge system is close to that in elemental Ni.



B. Electronic structure

Performing electronic structure calculations for BagNiGess.x-,0, requires modeling of
both the composition of the particular clathrate and the disorder stemming from the partial
occupancy of the 6¢ Wyckoff position. Moreover, different vacancy concentrations for the
same Ni content have to be considered. Vacant sites can be taken into account by using
supercells (Table I). Structure models with different 6¢ site occupancies were chosen for the
compositions BagNi,Ges3_x03 and BagNi,Ges303- for x = 0.5 and 1.0, while for x = 2.0 and 3.0
the models BagNi.Ges3s03-, and BagNi,Ges04 are employed. The Ni content x = 1.5 is
considered as a special case, therefore all models mentioned above are applied to this case,
namely, BagNiisGesi 503, BagNiisGessois, and BagNiisGesoos. For x = 4.0 and 4.5, no
vacancies at the 6¢ position are assumed.

Comparison of electronic total energies may be helpful in determining which model is
preferred for a specific Ni content. This may also provide a general idea about the dependence

of the vacancy concentration on the Ni content. The balances considered are as follows:

BagNi Gess-03 + xa-Ge — BagNiGes3os.+ AEl(x) (1)

BagNi.Gesr 04 + a-Ge — BagNiGeszos. + AE2(x) (2)

A positive value for AEi(x) means the clathrate BagNi.Ges3s03., on the right-hand-side is
preferred implying that the binary clathrate BagGes303 acts as a parent compound for that Ni
content. The details pertaining to these calculations will be presented elsewhere. The main
findings may be summarized in the following way: AE1(x) is positive for x = 0.5, 1.0 and 1.5,
whereas AE>(x) is negative for x = 2.0 and 3.0. Hence, for x between 0.5 and 1.5, Ni fills up

the vacancies of BagGes3os, but for x = 2.0 and 3.0, Ni fills up the vacancies of the



hypothetical compound BasGes o4 (with four vacancies at 6¢ sites). Note that the balances (1)
and (2) can be used only to determine which of the compositions considered is preferred; the
question of site preference by Ni atoms is a highly demanding task and is out of the scope of
this paper.

In light of the above results the electronic structure of BagNi Gess.x-,0, can be examined
in two separate categories: (i) compositions BagNiGes303.x with constant Ge content of 43
atoms per unit cell, for which voids are replaced by Ni atoms (x = 0.0, 0.5, 1.0, 1.5); (ii)
compositions BagNi Ges 04, with Ge content of 42 atoms per unit cell (x = 2.0, 3.0 and 4.0).
The densities of states (DOS) for low Ni content (x < 1.5) are shown in Figure 4. We observe
that, taking the electronic structure of BagGessms (Figure 4a) as reference,'® the inclusion of
Ni into the clathrate-I structure has no significant effect on the DOS. The gap at about 0.5 eV
below the Fermi energy (EF) is preserved at all Ni concentrations (x < 1.5). In an empty
ckathrate-I Gess, the Ge atoms are each fourfold coordinated so that this empty clathrate
should have a band gap. Our own calculations on the fully-optimized Gess structure give a
gap of 1.22 eV (in very good agreement with that obtained by Zhao et al.?®), which survives
in the binary compound BagGe4303 though with a reduced width of about 0.2 eV. The 16 extra
electrons due to Ba atoms are compensated only partially by the absence of three Ge atoms at
the 6¢ sites leading to the following electron balance: [Ba']s[(3b)Ge ]i2 [(4b)Ge']s1 - 4e~
where (3b) and (4b) denote the three-bonded and four-bonded Ge atoms, respectively. Thus,
the net number of extra electrons in BagGes3O3 is four per formula unit, and consequently the
number of electrons between the top of this gap and Er is 16 for the primitive cell, which
contains four formula units.!® This electron count also remains unchanged upon Ni
substitution. Therefore, the additional states stemming from Ni electrons do not introduce new
features near Er. The only clearly discernible change in the DOS due to Ni atoms is the

appearance of some states between -5 and -4.5 eV.



The electronic DOS for BagNicGes0s., with x = 1.0, 2.0, 3.0 and 4.0 are presented in
Figure 5. The x = 1.0 case is provided for allowing a comparison with the DOS of
BagNiGess02. We note that although the Ni content is changing the general features of the
DOS stay essentially the same. A prominent feature is that the Fermi energy is at a pseudo-
gap in all cases. This gap is expected in the hypothetical clathrate BagGes204, where the 16
electrons from the Ba atoms will be compensated by the absence of four Ge atoms at the 6¢
site yielding [Ba?*]s[(3b)Ge ]16[(4b)Ge’]26 with no excess charge. When Figures 4 and 5 are
considered together, we infer that Ni atoms in these clathrate compounds should exhibit an

oxidation state of 0. The electron balances can thus be written as follows:

BasNi,Ges303..: [Ba® Js[(4b)Ni’]«[(3b)Ge ] 12[(4b)Ge 31 - 4e

BagNi.Gesr04.r: [Ba? s[(4b)Ni’][(3b)Ge ]16[(4b)Ge]26

X-ray absorption spectra measurements (see Figure 3) carried out on BagNiGessryOy
experimentally confirm that Ni atoms in the clathrate behave similarly to the Ni atoms in the
elemental solid. Figures 4 and 5 also show that in the system BagNi:Gess.x-,0,, tWo basic
types of electronic structure are present corresponding to BagNiGes303.x and to BagNi GesnDa-
x for x = 4.0. The absence of a real band gap in the series BagNi.Ge4204.x, especially for the x
= 4.0 case, deserves further comments. Various test calculations suggest that how deep the
pseudo-gap is or, in other words, how close the pseudo-gap to a real gap is depends
sensitively on the Ni-Ge3 and Gel-Ge3 distances used in the calculations. Optimization of the
atomic coordinates in primitive cells containing ~100 or 200 atoms by an all-electron method
is very time consuming, and therefore was not attempted herein. This point should be kept in
mind when comparing the experimental findings to the theoretical ones.

When the Ni content is increased above x = 4.0, the Fermi energy falls below the

10



gap/pseudo-gap. Figure 6 shows that a transition occurs from n-type DOS (Er above gap) to
p-type DOS (Er below the gap) through the Er at the pseudo-gap case. DOS for x = 4.5 and
6.0 were calculated with all Ni atoms placed at the 6¢ site. The values of DOS at the Fermi
energy, N(E¥), for these cases are considerably large: 308.9 and 316.6 states Ry per formula

unit, respectively. In contrast, the highest N(E,) value obtained for x = 4.0 is 104.5

states.Ry™! per formula unit (BagNii sGess015) suggesting that the compositions x = 4.5 and
6.0 may not be stable. Indeed, experimentally, the maximum Ni content is achieved as 4.2
atoms per unit cell.

The observation that the electronic behavior of the clathrate-I BagNi,Gess.x-y0, is of
either BagNixGes303.x or BagNiGesz04.x type is further corroborated by an examination of the
band structures. Four bands cross the Fermi energy in the case of BagNi,Ge4303.x with x = 0.5,
1.0 and 1.5. The band structure of BagNio.sGes3025, as an example, is presented in Figure 7
(top panel). Here, the two lowest (highest) crossing bands, plotted in blue (red), give rise to
holelike (electronlike) Fermi surfaces. The middle panel shows the band structure of
BagNizGes 01, as a representative of the x = 2.0, 3.0 and 4.0 cases, where three bands cross
the Fermi energy, again with two lowest energy ones (drawn in blue) yielding hole pockets
and the third (drawn in red) electron pockets. Finally, Figure 7 (bottom panel) illustrates the
band structure of BagNis sGes1.s as an example for the x > 4 case. There are six bands crossing
the Fermi energy. The lowest lying two, shown in blue, yield quite large hole pockets around
I" and H. The highest two, shown in red, form relatively small electron pockets around P. The
bands shown in green display a more complicated behavior due to degeneracies. On one hand,
they form the small electron pockets around N and on the other hand, they contribute to the

hole pockets.
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C. Specific heat

The temperature dependence of the specific heat C, of BasNiGess.x0, is plotted in

Figure 8a between 1.9 and 300 K for the illustrative x = 1.0 sample. The Dulong-Petit value

C, =3NR where N is the number of atoms per formula unit and R is the gas constant is

reached at 300 K. The Sommerfeld coefficient, y, which enables to probe the variations in
the density of states at the Fermi level as a function of the Ni content, was inferred from an
analysis of the low-temperature data via the conventional free-electron relation

C,/T=y+pT * where ST stands for the phononic contribution. As shown in Figure 8b, the

concentration x = 1.0 delineates two distinct evolution of y with x. Below this value, ¥

evolves in a non-linear fashion varying between 25 mJ mol™! K2 in the parent compound up to
rying p p p

42 mJ mol™! K2 in the sample with x = 0.9. Above x = 1.0, ¥ tends to decrease monotonically

with increasing Ni content up to x = 4.0 where a minimum value of 4 mJ mol! K2 is reached
before increasing again as the Ni content is slightly enhanced from x = 4.0 to x = 4.1. As

discussed in the next paragraphs, the non-linear variation in y with x is likely related to the
sensitivity to the Ni content of the electronlike and holelike band contributions to N(E ). As

the Ni content is increased beyond x = 1.0, the superstructure is no longer visible in PXRD
leading to modifications in the electronic band structure. Progressively increasing the Ni
content then results in a smooth shift of the Fermi level downwards the conduction bands up
to x = 4.0 where a semiconducting state is expected to develop. Note that the y value does not
vanish at this concentration, which may be due to a small off-stoichiometry in the Ni content.
Since the x = 4.0 composition is expected to feature a narrow band gap, a small variation
around this value may be sufficient to push the Fermi level out of the band gap. Nevertheless,

the overall variation in the y values above x = 1.0 is consistent with an overall decrease of the

12



DOS at the Fermi level on going from x = 1.0 up to x = 4.0 revealed by band structure
calculations. The crossover from an n-type to a p-type conduction expected to occur for

slightly higher Ni contents is also in agreement with the increase in y observed in the x = 4.1
sample reflecting a shift of the Fermi level towards the valence band edges.

The y values, listed in Table 111, are linked to N(E}.) via the relation y =0.173N(E}.)

with ¥ and N(E,) expressed in mJ mol! K- and states Ry, respectively. The g coefficient

1
127*NR )3

is related to the Debye temperature, ,,, via the relation 6, = { 5p J . Using the number

of atoms derived from WDXS compositions, the 8, values can be then calculated and are

depicted in Figure 8c as a function of the Ni content. As can be observed, 6,, increases upon
substituting to fall in the 255 — 275 K temperature range for 0.2 < x < 3.5. Above x = 3.5, the
Debye temperatures are significantly higher reaching ~ 300 K. This intriguing change in 8,

might be related to the presence of Ni atoms on both the 6¢ and 24k sites of the crystal
structure resulting in variations in the bonding scheme at high Ni concentration.

The low-temperature dependence of C, (5 — 100 K) in type-I clathrates can be usually

described on a more quantitative level using a model reflecting Einstein contributions solely
associated to the Ba2 atoms over a Debye background.?’° This approximation yields the

following expression for the lattice contribution to the specific heat C,

HD 6, 2 0, IT
oE
C,=C,+C, _9Nkf =T dx+Ep,N R(T) — T (1)
o

where C,, is the contribution associated to the Ni/Ge framework and Bal atoms described

within the Debye model and C, is the Einstein contribution of the i vibrational mode of the

13



Ba2 atoms. In Eq.(1), x=hw/k,T with % the reduced Planck constant and k, the
Boltzmann constant, N, is the number of Debye oscillators per formula unit and p;, N,
and 6, are the degrees of freedom, the number of Einstein oscillators, and the Einstein

temperature related to the i vibrational mode, respectively. The symmetry of the 6d site leads

to anisotropic thermal displacement parameters associated to two Einstein temperatures

within the present description, 0! and 6, , which represent the in-plane and out-of-plane

thermal motion of the Ba2 atoms, respectively.

This approach was found to be pertinent in most clathrates substituted with transition
metals. The resulting Einstein temperatures can be then straightforwardly compared to the
low-energy phonon modes revealed e.g. by either Raman spectroscopy or inelastic neutron
scattering. Though this model has been applied to several BagM.Gess-r,0, (M = Cu, Au,

t’31-34

Ag...) compounds for a given x conten only few studies of the evolution of the Einstein

temperatures over a wide range of compositions have been reported so far. This analysis may
provide valuable insights into the dynamical motion of the Ba2 atoms as a function of the Ni
content i.e. as a function of the cage volume. The 6, along with the 9! and 0, values
inferred from least-square fits to the data for several Ni-substituted compounds are listed in
Table III and the latter are depicted in Figure 8d as a function of x. While no clear correlation
between @, and x can be observed in the present case, the (9‘! values increase linearly with

the Ni content up to x = 4.1. No strong variations in these characteristic temperatures occur at

the n- to p-type transition as observed in the BagAu,Sise. clathrates.?’” Nevertheless, above x =
3.1, the @; values significantly drop from 95 to 75 K following the decrease in the lattice

parameter.
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D. Electrical resistivity and Hall effect

The temperature dependence of the electrical resistivity is shown in Figure 9. p(7") data

of the parent compound BagGes303 is characterized by a maximum centred near 275 K, above

which p decreases.!®!® This behavior has been ascribed to temperature-dependent mobilities

and concentrations of holes and electrons, both being involved in the electrical conduction in

this material.'®

Upon substituting Ge by Ni, this maximum is strongly reduced while still
discernable for x < 1.0. This behavior is also consistent with the idea that holes and electrons

still play a role in the electrical conduction below this Ni content. Interestingly, likewise the

specific heat data, the dependence of the p values on x differs depending on whether the Ni
content is lower or higher than x = 1.0. Below this content, no clear trend can be observed, p

first decreasing with x up to x = 0.6 before slightly increasing in the x = 0.9 and 1.0 samples.
As we shall see below, this non-monotonic behavior likely arises due to a shift in the balance

between the hole and electron contributions. From x = 1.0 to x = 3.1, p increases as a result

of a decrease in the carrier concentration (see below). This trend is confirmed by the data

collected on the annealed samples (x > 3.5) which shows an increase in p as x approaches x =

4.0. The metallic-like behavior observed up to x = 4.0 then turns into a semiconducting-like
one in the x = 4.1 sample.

Hall-effect measurements carried out on BagGes3o3 between 2 and 350 K have
demonstrated that both holes and electrons contribute to the electrical conduction.!'
Specifically, a dominant holelike signal independent of temperature and a significant
magnetoresistance were the two prominent signatures of the multiband nature of the electrical
conduction classifying BagGes303 as a nearly-compensated semimetal. In the present system,
questions arise as for the variations of these properties with x and their possible link with the

partially-ordered vacancies. To address these issues, Hall effect measurements were
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performed in the same temperature range paying particular attention to the samples with low
Ni content (x < 1.0).

Up to x = 0.9, the p, (u,H) data (not shown) retain a positive and linear field
dependence in the whole temperature range indicating a dominant holelike response as
observed in the parent compound. The multiband conduction featured by BasGes3Os is thus
preserved over a significant Ni concentration window in agreement with our first-principles
calculations carried out for x = 0.6 and x = 1.0. With a slight increase in the Ni content to x =
1.0, both charge carriers show up and a crossover from a dominant holelike signal to an
electronlike contribution occurs between 180 and 250 K. Thus, as observed in the specific
heat data, the x = 1.0 concentration represents a border above which an electronlike signal
reflected by a negative slope is solely observed. These results further indicate a contribution

of electrons to the Hall signal of increasing importance as the Ni content increases.

Figure 10a depicts the temperature dependence of the Hall coefficient R,, inferred from

the slope of p,, (1) for x < 1.0. The deep minimum near 275 K characterizing the

temperature dependence of R, in BagGes3Ds is strongly weakened upon alloying with Ni but
still distinguishable up to x = 0.6. Further, the R, values decrease with increasing x. Within a
single-band picture, R, is related to the hole and electron concentrations p and n,
respectively, via the relations p =r, /R, e and n =-r, / R, e where r, is the Hall factor and
e is the elementary charge. In principle, 7, depends on the topology of the Fermi surface, on

the scattering mechanisms of the charge carriers and on temperature. However, assuming

r, =1 was shown to be a good approximation for clathrates, especially at low temperatures,
resulting in the well-known relations p =1/R, e and n=-1/R,e. In the present case, these
relations give an upper limit of p which increases by one order of magnitude, from 1.4x 102!

cm? in the parent compound to 1.0x 10?2 cm™ in the x = 0.8 sample at 200 K.
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As mentioned above, the second signature of the multiband conduction in BagGes303 is

related to a significant magnetoresistance
Ap, (1 H.,T) p (0.T) =[p. (11, H.T) = p,(0.7))/ p,.(0,T)  where p, (4,H,T) and
p..(0,T) are the longitudinal resistivity at a magnetic field x,H and that at zero magnetic

field, respectively. The evolution of the temperature dependence of the magnetoresistance
with the Ni content is depicted in Figure 10b. With increasing x, its magnitude decreases
below 1% except for the x = 0.6 sample where a rise in the values towards low temperatures is
observed. The x = 0.2, x = 0.9 and x = 1.0 samples share a similar temperature dependence
characterized by a minimum near 200 K, a feature also present in the parent compound. The

variation in temperature of Ap_ /p  of the x = 0.6 sample is somewhat stronger, the values

being negligibly small between 300 and 200 K and increasing with decreasing temperature to
reach 1.7% at 10 K.

The presence of both holes and electrons naturally raises the question to which extent a
description within a two-band model is relevant in the present case. In BagGes303, this model
yielded large mobilities along with nearly equivalent concentrations of electrons and holes,
consistent with the nearly-compensated behavior of the thermopower.! However, this model
was found to overestimate the mobilities of both carriers at low temperatures. Applying the
model used to analyze the galvanomagnetic data of BagGes303, an estimation of the hole and
electron concentrations and mobilities together with their temperature dependences for
different Ni contents up to x = 1.0 could be obtained. In the present case, this model could not
be applied to the x = 0.6 sample above 200 K and to the x = 0.9 sample due to the very small
magnetoresistive signal recorded. The results (not shown) evidence an increase in both the
electron and hole concentrations as well as a strong decrease of the mobilities with increasing
the Ni content.

Above x = 1.0, further increasing Ni content no longer influences the sign of the
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p., (HyH) data which remains negative up to x = 4.0 (not shown) indicating that electrons
become the main charge carriers. The second transition from n-type to p-type conduction is
then driven by a slight increase in x from x = 4.0 to x = 4.1 as demonstrated by the positive
slope of the Hall data in the latter sample. Figure 11a shows n as a function of the Ni content
for x > 1.0 derived from the above-mentioned single-band relation. As can be seen, n
decreases with increasing x as expected in a progressive metal-insulator transition. These
results are consistent with previous investigations and with our specific heat data indicating a
decrease in N(E,) with x.

The temperature dependence of the Hall mobility of the electrons, defined as
U, =R,/ p,is depicted in Figure 11b for the samples with x = 2.1, 3.1, 3.5 and 4.0. p,, is
practically temperature-independent regardless of the composition. This indicates that neutral-
impurity scattering ( 4, oc cst) is the main scattering mechanism limiting the carrier mean-
free path in the present system. Some compositions show a slight decrease near room

temperature probably reflecting the effect of acoustic-phonon scattering (g, oc T~'%), which
usually dominates at higher temperatures. Our x,, (7) data are in agreement with Hall-effect

measurements carried out on BagNiyGa:Gess,.- for which a progressive evolution from
acoustic-phonon scattering in the Ni-free compound (z = 16) towards neutral-impurity

scattering in the Ga-free compound (y = 4) has been observed.'°

E. Thermopower and thermal conductivity

Figures 12a and 12b show the temperature dependence of the thermopower for all the

samples investigated. At low Ni concentrations (x < 0.9), the temperature dependence of «

resembles that of the parent BasGess03 compound characterized by two transitions from n-
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type to p-type conduction. This complex temperature dependence, which originates from the

simultaneous presence of holes and electrons smoothly evolves upon alloying with Ni towards

pure n-type conduction. For x = 0.2 and x = 0.6, the low-temperature maximum in |a|

disappears while the maximum centred around 225 K in BagGessos still exists.!®!® This
maximum is slightly shifted towards lower temperatures up to x = 0.6 and is no longer visible
at x = 0.9. A transition from p-type to n-type behavior then occurs near room temperature in
both x = 0.2 and x = 0.6 compounds. For x = 0.9 and x = 1.0, the thermopower values remain
negative in the whole temperature range and are close to zero below 150 K suggesting a
nearly perfect compensation of the hole and electron contributions to ¢ . The increase in the
magnitude of a with increasing x above x = 1.0 reflects the decrease in the electron

concentration and is consistent with a progressive metal-semiconductor transition. At high Ni

concentration (x > 3.1),

a| increases quasi-linearly with temperature indicative of a diffusive

nature. A slight increase in the Ni concentration from x = 4.0 to x = 4.1 drives the system to a
p-type conduction characterized by positive thermopower values. The non-linear dependence

observed for x = 4.1 further indicates a non-degenerate behavior in agreement with p(7)

data. The upturn observed above ~ 300 K likely indicates the onset of the thermal activation
of minority carrier which leads to a decrease of the magnitude of a with increasing

temperature. From the maximum thermopower value «,, and the temperature at which this

maximum occurs 7

max 2

the thermal band gap E, can be estimated using E, =2ea, T

yielding a band gap of ~ 65 meV. The overall variation in the transport properties of
BagNi,Gess-r0, samples show trends typical of heavily doped semiconductors evolving
towards non-degenerate semiconductors as x increases. As demonstrated in Ref. 14, the
samples remain degenerate up to x = 3.5 i.e. for n higher than approximately 1.6x 10*! cm.

At higher Ni contents, the degenerate statistics can no longer be applied and the loss of
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degeneracy must be taken into account when deriving the basic features of transport such as
the effective masses and the Lorenz number.

The temperature dependence of the total thermal conductivity is reported in Figures 13a
and 13b. The temperature dependence of the binary compound features a pronounced low-
temperature dielectric maximum followed by a strong decrease with 7' typical of crystalline
materials. A small addition of Ni results in a strong drop in the x values that then only
slightly vary upon further alloying. The amplitude of the crystalline peak observed at low
temperatures is strongly lowered upon filling up of the vacancies with Ni. The vacancies in
the Ge framework are surrounded by Ge anions, which can be expected to show a distinct
interaction with the Ba atoms. A more homogeneous charge distribution in the framework
might thus induce structural disorder concerning the Ba position in the cages. Above x = 1.0,
the thermal conductivity further decreases even though the superstructure disappears. This
behavior is a direct consequence of the increase in the electrical resistivity values thereby

decreasing the electronic contribution x, to the thermal conductivity. The values measured in

samples containing high Ni levels (x > 2.1) thus almost entirely reflect the lattice contribution

k,. This is further corroborated by the temperature dependence of x, obtained after
subtracting the electronic contribution using the Wiedemann-Franz law «, = LT/ p where L
is the Lorenz number. A more accurate assessment of x, can be obtained by explicitly taking

into account the loss of degeneracy when the Fermi level nears the conduction band edge i.e.
when the Ni content approaches x = 4.0. Herein, the Lorenz numbers calculated (supposed to
be temperature-independent below 300 K) within a single-parabolic-band model in Ref. 14

have been utilized to estimate x,.
As shown in Figures 14a and 14b, the «, values of the Ni-substituted compounds are

significantly lower than that of BagGes303. xk, remains practically unchanged when the Ni
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content spans the range 0.2 < x < 3.1 and is in line with values usually encountered in other
Ge-based type-I clathrates (Table III).? Above x = 3.5, the samples show a more pronounced
crystalline peak with respect to the x = 2.1 and 3.1 samples. This may be attributed to the
annealing treatment, which increases the crystallinity and modifies the microstructure (i.e.
grain size) compared to the splat-cooled samples. More intriguing is the fact that a slight
increase in the Ni content from x = 4.0 to x = 4.1 is then sufficient to suppress the low-
temperature maximum leading to a temperature dependence which resembles that of glassy
systems. This result is in agreement with the data of Johnsen et al.!! collected on samples with
nominal compositions BagNis.xGeso+x (0 < x < 0.6) where a crossover from a crystalline to a
glass-like dependence was observed. These results indicate that this dependence is an intrinsic
property of the p-type sample.

This crossover is not confined to the BagNi.Gess.x,0, phase and has been already
observed in other type-I clathrates such as in n-type and p-type BasGaisGeso, n-type
SrsGaisGeso, n-type EugGaisGeso, p-type BagGaisSnso and in p-type BasAu,Sise.r samples.?”
35-40 Several mechanisms have been discussed in the literature to explain such a difference in
the thermal transport between n-type and p-type samples. The mechanisms invoked are either
associated to the off-center position of the guest atoms (Ba, Eu or Sr) in the tetrakaidecahedra
or to a strong phonon-charge carrier coupling. The former property leads to the presence of
tunnelling states which dominate at low temperatures and can be unveiled by a 7> dependence
of the thermal conductivity at very low temperatures (typically 7 < 1 K) or by specific heat
data which features an additional contribution superimposed to the electronic one.***! In the

present case, the variation in the experimental y values with x is well reproduced by first-

principles calculations suggesting the absence of tunnelling states in the present system. The
second mechanism, which may be at play in the present case, has been suggested by Johnsen

et al.!! to explain the different behavior observed between n- and p-type BasNis.xGeso+x. The
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larger m" value in the x = 4.1 sample (estimated to 9m,, see Ref. 14) seems consistent with

the idea of an enhanced phonon scattering on charge carriers with respect to the n-type
samples. In the BasAu,Siss.» system,?” it has been suggested that, besides a possible enhanced
hole-phonon coupling, a higher degree of disorder in the crystal lattice may also play an
important role. This disorder originates from a mixed occupation of both the 6¢ and 24k sites
of the crystal structure by Au and Si atoms as shown by single-crystal x-ray diffraction
analyses.*” Whether a similar mixed occupation occurs for Ni and Ge remains to be
experimentally confirmed. Another possibility could be that the presence of anions would
result in a lock-in position of the Ba atoms. The complete disappearance of these anions in p-
type samples would then release the Ba atoms thereby leading to stronger coupling between
the Ba phonon modes and those of the cages, in agreement with recent inelastic neutron

scattering experiments.*’

Finally, it is noteworthy that a similar disappearance of the
crystalline peak occurs in skutterudite compounds upon filling the cages with different
elements even though the thermal conductivity retains a conventional behavior.** Hence, to

classify the present p-type clathrate as a real example of glass-like behavior may be premature

and would require thermal conductivity measurements at lower temperatures.

IV. Conclusion

We have reported a joint experimental and theoretical investigation of the evolution of
the transport properties in the BagNi:Gessry0, type-1 clathrate system. The structural and
chemical characterizations revealed a significantly different homogeneity range from
previously reported extending from x = 0.0 to x = 4.2. Measurements of the specific heat,
electrical resistivity, Hall effect, thermopower and thermal conductivity were carried out for

different Ni concentrations spanning the whole homogeneity range. Analysis of the Hall-
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effect data indicates a smooth evolution of the nearly-compensated semi-metallic state of
BagGes303 below this content towards a conventional, single-carrier metallic state above. As
the Ni concentration approaches x = 4.0, the system is driven towards a metal-insulator
transition in agreement with our first-principles calculations. A crossover from n-type to p-
type electrical conduction is achieved at slightly higher Ni content i.e. for x = 4.1. Our
theoretical study has suggested significant differences in the electronic band structure between
n-type and p-type compounds reflected by flatter bands near the Fermi level in the latter. This
strong change is consistent with larger effective masses of the charge carrier in the p-type
sample.!* The BagNi.Gese.x-0, System represents another example of clathrates where tuning
the electrical conduction is accompanied by a profound change in the thermal transport. The
synthesis route used in the present study opens up the possibility to access low substitution
levels and may be extended to other transition metals allowing a systematic study of the

nearly-compensated semi-metallic state of BagGes303 upon filling up of the vacancies.
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Tables

Table I. Compositions of the BagNi<Geas.x-,0, models considered and space groups used in the

first-principles calculations. The lattice parameters and density of states at Fermi energy are

also provided. The preferred compositions according to balances (1) and (2) are indicated by

the symbol + and the lowest energy cases by the symbol *.

Composition Space group Lattice parameters (/f ) N(Er) (States Ry (fu)”)
BasNiosGensOs  [4¢2 (no. 120) a=b=c=213083 104.8
BasNiosGessas  [4¢2 (no. 120) a=b=c=213083  49.7 (+)
BasNiioGenrs 14,/ acd (no.142) a=b=c=21.3083 61.9
BasNi1 0Gess 02 14, /acd (no.142) a=b=c=21.3083 533 (+)
BasNis sGe s0e 1 ‘1361 (no. 220) a=213083 293.3 (*)

14,32 (no.214) ~ @=213083 293.6
BasNirsGenlas  [4¢2 (no. 120) a=b=c=21.3083 645
BasNi sGenb1s [ Zﬁd (no. 220) a=21.3083 778.8

14,32 (no.214)  a=21.3083 104.5 (+)
BaNizoGesr, [/ acd (no.142) 77 zl; _ i(i62618§?g4: 2a ?(3)92.()(+)

P4.22 (no.90)
BasNi2oGessti 14, /acd (no.142) a=b=c=21.3364 171.4
BasNisoGesomi  I4,/acd (no.142) a=b=c=21.3538 48.4 (+)
BasNis Geas Ia3d (no. 230) a=213538 156.0
BasNisoGes P4.22 (no.91) a=b=10.6784;c=2a 58.1
NG, TROCOR0 azias e

14,32 (no. 214)
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BasNisGeso @)  Pm3n (no.223)  a=10.5097 316.6

a) The atomic and the lattice parameters for this model were fully optimized.

Table II. Actual compositions, nature of the secondary phases (< 3 wt.%) and lattice
parameters (a) of the BagNiiGessryO, compounds. For each sample, the amount of by-
products estimated from PXRD is also given. For comparison purposes, data from prior

studies have been added.

Nominal
composition WDXS Secondary phases a(d) Reference
21.3079(2
BasGeass Bas.001)Ge42.994) C-1 (100 %) (2= 1(()'2540 )
BagNio2Ges s Basooe)Nio.192)Geazs93)  C-1(>97%) + - ?;/32815(()325 43)
Ge (< 3%) )
BagNio sGeszs Basg.o1)Nio.s2)Ge42.72) C-I1 (>99%) + a- ?al/g 1:4(1)(()22570 )
Ge (<1%) )
BagNio sGess Bas.002)Nio.61)Ges3.1(1) C-1 (>99%) + a- ?al/g 1:0?(()225 54)
Ge (<1%) )
BagNiosGesz.2 Basg.o1)Nio.o2)Ges2.52) C-1 (>99%) + a- ?al/'zl :9311()561§27)6 )
Ge (<1%) )
BagNii.oGes.o Bag.o1)Nii.o2)Gess.13) C-I1 (>97%) + ?al/g 1:616(()22 583)
BasGeas (<3%) '
. . 21.3189(2
BasNii.oGess.o Bas.o1)Nii.o2)Ges.72) C-1+ a-Ge (a2 = 1(()'2595)
BagNii2Gess.o Bag.o1)Nii.52)Ges2.803) C-I+ a-Ge 10.6601(4)
BasNiz2.0Ges.0 Bas.o)Ni2.12)Ges3.03) C-1(>99%) + 10.6678(1)
BasGeas (<1%)

BasNiz.oGes2.0 Bas.003)Ni3.072)Gesas3)  C-1 (100%) 10.6788(1)

BasNizsGesz.0 Bas.oo@)Niz495Geasais)  C-I1(100%) 10.6803(1)

BagNi3 sGesz.o Basoo3)NizoonGeaz.34)  C-1(>97%) + a- 10.6787(1)
Ge (<3%)

BagNis.0Ges2.0 Basg.o1)Nis.o2)Ges2.001) C-1 (>99%) + a- 10.6780(1)
Ge (<1%)

BasNis2Gear.s Bas.003)Nis.os()Ges1.873)  C-I1 (>99%) + - 10.6771(1)
Ge (<1%)

BasNisGeso Bas.oo2)Nis.22)Ges129¢7  C-I1 (>90%) + - 10.6765(1)
Ge (<6%) + BaGe:
(<4%)

29



BasNisGes

BasNisGeso

BasNis.sGeso.2
BasNis.cGeso.4
BasNis.sGeso.6

BasNisGeso

BasNisGeso

BasNizGess
BasNisGes
BasNisGeso

BasNisGeso

Basg.003)Ni3.452)Ges2.314)

C-1

10.6798(2)

10.6764(3)
10.6776(3)
10.6795(2)
10.6807(4)

10.676(5)
10.5179(4)

10.6794(5)
10.6793(5)
10.6752(5)

10.6780(1)

[15]

[11]

(23]

[22]

[13]

[13]
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Table III. Values of the y and S parameters inferred from low temperature specific heat
analyses. The experimental and theoretical total DOS values N(E)., and N(E;) .,

together with the Debye temperatures 6, derived from the f parameters are also given. For

comparison purposes, the values of the binary BagGess;03 compound (x = 0.0, from Ref. 18 for

the experimental value and from Ref. 16 for the theoretical value) have been added.

Adetwal Ni 3y moti k) g (mimol k4 IV EF)ey NE) ppio 0, (K)

content (states.Ry'fu.!) (states.Ry'fu.”")
0.0 24.6 7.93 142.2 35.4 232
0.2 33.2 6.20 191.9 / 252
0.6 27.6 6.05 159.5 49.7 254
0.9 413 5.15 238.7 / 268
1.0 32.6 5.33 188.4 53.3 265
2.1 263 491 152.0 93.2 274
3.1 24.2 5.79 139.9 48.4 261
3.5 20.0 5.00 115.6 / 275
3.9 14.6 3.66 84.4 / 306
4.0 4.5 3.89 26.0 58.1 300
4.1 4.8 3.70 27.7 / 305

31



Figure Captions

Figure 1: Crystal structure of the type-I BagNiGess.r,0 clathrates. The unit cell is composed
of a four-bonded Ge/Ni framework with voids forming two pentagonal dodecahedra (in blue)
and six tetrakaidecahedra (in green). The framework atoms are located at the Wyckoff sites 6¢
(Y4, 0, '2) (white), 167 (x, x, x) (grey) and 24k (0, y, z) (orange) while the guest atoms are

located at the 2a (0, 0, 0) (black) and 6d (Y4, 2, 0) (purple) sites.

Figure 2: Variations in the lattice parameter a (unit cell of the basic clathrate-1 structure) of
the clathrate BagNiGeass.x-0, as a function of x in the nominal compositions: (O) C-I with
superstructure, (W) basic C-I structure, (®) Ref 13, (V) Ref 15, (€) Ref. 11, () Ref. 23. For
most of these samples, the standard deviations of the lattice parameters are smaller than the
size of the symbols used. The highest limit of the Ni content was determined from WDXS
analyses to be 1.0 Ni atom per formula unit for the C-I superstructure and 4.2 Ni atoms per

formula unit for the basic C-I structure.

Figure 3: Normalized Ni K-edge XANES spectra: (a) clathrates with nominal compositions
BagNiiGeso, BagNioGesr, BasNizGesr, BasNizsGeso, BagNisGeso, and BagNigGeso. (b)

Comparison of the spectra measured for BagNisGes2, Ni foil, NiGe, NiO and Nil.

Figure 4: Energy dependence of the total electronic DOS near the Fermi level of the clathrate

BagNiGes303. with x = 0.0, 0.5, 1.0 and 1.5. The vertical dashed line at 0 eV stands for the

Fermi level.
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Figure 5: Energy dependence of the total electronic DOS near the Fermi level of the clathrate
BagNiGesr04. with x = 1, 2, 3 and 4. The vertical dashed line at 0 eV stands for the Fermi

level.

Figure 6: Energy dependence of the total electronic DOS near the Fermi level of the clathrates
BagNi Gessos.x (x = 1.5), BagNisGesz, BagNissGesr.s and BagNisGeso. The vertical dashed line

at 0 eV stands for the Fermi level.

Figure 7: Electron energy dispersion curves along high symmetry directions near the Fermi
level of the clathrates BagNiosGessD2s (top), BagNizGes01 (middle) and BagNissGeas s

(bottom).

Figure 8: (a) Temperature dependence of the specific heat C, of Bas.o)Nii.o2)Ges3.13). The

solid black line stands for the theoretical value following the Dulong-Petit law. (b)

Sommerfeld coefficient, y, as a function of the Ni content in BagNi Gess.x-,0,. The m symbol

refers to the zero value expected in the semiconducting state for x = 4.0. (c¢) Debye

temperatures ¢, and (d) Einstein temperatures (9! () and 6, (m) as a function of the Ni

content in BagNixGe46-r0y.
Figure 9: Temperature dependence of the electrical resistivity of BasNixGess-ryOy: (a) x = 0

(0), x=0.2(a),x=0.6 (0), x=0.9 (1), x=1.0 (¢),x=2.1 (+)and x = 3.1 () and (b) x = 3.5

(4),x=39(m),x=40(A)andx=4.1 (7).
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Figure 10: (a) Hall coefficient R,, as a function of 7" forx =0 (0),x=0.2 (0),x=0.6 (0), x =

0.9 (A) and x = 1.0 (#). (b) Temperature dependence of the magnetoresistance measured at

t,H =7T. The symbols used are the same as in panel (a).

Figure 11: (a) Electron concentration n as a function of the Ni content in BagNi:Ge46-x-y0,.
The symbol m refers to the hole concentration p measured in the x = 4.1 sample while the
symbol corresponds to the value obtained in a single crystal (Ref. 15). (b) Temperature

dependence of the Hall mobility u,, of BasNi.Gess.ry0y forx =2.1 (+), x=3.1( ), x=3.5

(¢)andx=4.0 (A).

Figure 12: Temperature dependence of the thermopower of BagNi Gess.x-, 0, for (a) x = 0 (0),
x=02(@),x=0.6(),x=0.9(A),x=1.0(*),x=2.1(+)andx=3.1( )and (b) forx=3.5

(4),x=39(m),x=40(A)andx=4.1 (7).

Figure 13: Temperature dependence of the thermal conductivity of BagNiGeas.x-,0, for (a) x =
0(0),x=0.2(0),x=0.6(0),x=09 (1), x=1.0(¢),x=2.1(+)andx=3.1( )and (b) forx

=3.5(4),x=3.9(m), x=4.0(A)andx=4.1 (V).

Figure 14: Temperature dependence of the electronic (a) and lattice (b) thermal conductivity

of BasNi,Gessrs0y for x = 0 (0), x = 0.2 (1), x = 0.6 (0), x = 0.9 (1), x = 1.0 (¢), x = 2.1 (+), x

=3.1( ),x=35(#),x=3.9(m),x=4.0(A)andx=4.1(7).
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Graphical Abstract

This work reports a comprehensive study of the low-temperature transport properties of the

type-I clathrates BagNicGese.r,0, in the homogeneity range (0 < x <4.1).
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