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clathrate BagAu, Siy6_,
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Polycrystalline samples of the clathrate BagAu, Sis—, were synthesized for 0.2 < x < 10. The homogeneity
range of the type-I clathrate phase was determined to be 3.63 < x < 6.10 after annealing at 900 °C, while a
lower Au concentration (x & 2.2) was obtained by steel-quenching. Quasisingle phase materials were obtained
for 4.10 < x < 6.10. In this composition range, thermoelectric properties, including electrical resistivity,
thermopower, and thermal conductivity, were investigated between 2 and 350 K. These experiments were
complemented by low-temperature specific heat and Hall-effect measurements (2-300 K). First-principles
calculations were carried out to determine the evolution of the electronic structure as a function of x. Both
theoretical and experimental results evidence a progressive evolution, with the Au content, from a metallic-like
behavior towards a highly doped semiconducting state which develops around x = 5.43. At this concentration,
a crossover from n- to p-type conduction occurs, suggesting that the present system satisfies the Zintl-Klemm
concept, which predicts a transition at x = 5.33. This crossover is traced by Hall-effect data indicating a
dominant electronlike response for x < 5.43, which turns into a holelike signal at higher x values. Analysis
of the data based on a single-parabolic-band model under the assumption of a single scattering mechanism
of the charge carriers proved to adequately describe the transport properties in the compositional range
investigated. Interestingly, the temperature dependence of the lattice thermal conductivity is strongly influenced
by the Au concentration: the typical behavior of crystalline insulators in the n-type compounds evolves into a
glasslike dependence in the p-type samples. The series BagAu, Siss_, thus provides an excellent testing ground
for the interplay between crystal structure, electronic properties, and lattice thermal conductivity in type-I

clathrates.

DOI: 10.1103/PhysRevB.84.195137

I. INTRODUCTION

Intermetallic clathrates based on a silicon framework and
crystallizing in the so-called type-I crystal structure have
recently attracted considerable attention due to the occurrence
of superconductivity below Tc = 8 K in BagSisq."> Several
studies were devoted to better understand the underlying
mechanism mediating superconductivity as well as the role
played by substitutions on either the Ba or Si sites. These
investigations revealed that the thermodynamic properties of
the superconducting state can be satisfactorily described within
BCS theory and showed a doping-induced decrease of the crit-
ical temperature, independent of the substituting element.>®

The cagelike crystal structure together with the large
number of possible substitutions also make this family
of compounds a prospective area of research for novel
thermoelectric materials.” ! The thermoelectric efficiency of a
material is governed by the dimensionless figure of merit ZT =
a’T /pk = PT /k where « is the thermopower, p the electrical
resistivity, « the total thermal conductivity, P = a?/p the
power factor, and T the absolute temperature.'! Band-structure
calculations carried out on several BagM,Siss_, systems
revealed that most of the transition metals induce metallic
properties preventing the achievement of high ZT values.”!?
However, some elements, such as Ga, Al, Au, or Ag, were
found to induce a metal-insulator transition, offering an
experimental phase space to optimize the power factor and
thus the ZT values.'>~' In this regard, maximum Z 7T of ~0.75
and ~0.87 at 1,000 and 870 K, respectively, were reported
for the BagGa,Siss_, system, where a semiconducting state
is expected to develop at x = 16."7"° These values are
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comparable to the ones obtained in the single- and
polycrystalline Ge-based analog BagGa;sGesg, suggesting
that high ZT might be equally achieved in Si-based type-I
clathrates. 02!

These results thus raise the question whether or not Au
substitution in BagSiss may also lead to high thermoelec-
tric efficiency, as recently shown in the isostructural phase
BagAu,Gegs——yy.”* In the BagAu, Sisg_, system, Jaussaud
et al.> reported that a transition from n- to p-type conduction
occurs for Au content falling between x = 5.43 and 5.89. In
addition, single crystal x-ray diffraction analyses showed that
Au atoms are not only located at the 6¢ site of the framework,
as encountered for most of transition-metal-substituted type-I
clathrates, but distributed over both the 6c¢ and the 24k
sites.”?? Hence, extending these measurements to a broader
concentration range may provide valuable insights into the
evolution of the electronic properties on both the n- and p-type
sides and may enable one to better evaluate the thermoelectric
potential of this family of compounds.

Here, we report a joint theoretical and experimental study
of the low-temperature transport properties of polycrystalline
BagAu,Siss_, in the composition range 4.10 < x < 6.10.
Our results confirm a crossover from n- to p-type conduction
near x = 5.43, thereby offering the possibility to tune the
thermoelectric properties on both sides. The dependence upon
substitution of several material parameters relevant to the
optimization of thermoelectric properties is addressed within
a single-parabolic-band model using relations obtained as
solutions to the classic Boltzmann transport equations. The
intriguing influence of Au substitution on the lattice thermal
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conductivity, which evolves from crystallike behavior in the
n-type samples to glasslike behavior in the p-type samples is
further discussed in light of prior investigations on Ge- and
Sn-based type-I clathrates.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Polycrystalline samples of BagAu,Sigs_, with nominal
compositions 0.2 < x < 10 were prepared from crystalline
Ba (ChemPur, 99.9%), Au granules (ChemPur, 99.99%), and
Si pieces (ChemPur, 99.9999%) in an Ar-filled glove box.
Stoichiometric mixtures of the elements were placed in glassy
carbon crucibles (@ = 12 mm, [ = 12 mm, Sigradur G, HTW)
and melted using an induction furnace (5 kW, coil @ = 40 mm,
1 = 35 mm, Hiittinger; IR-pyrometer, Maurer). No weight loss
was observed during the heating process. The molten samples
were then quenched between two steel plates. To improve
the chemical homogeneity, the resulting bulk materials were
subsequently transferred in glassy carbon crucibles, sealed
in tantalum tubes, jacketed in Ar-filled quartz ampoules, and
annealed at 900 °C for three weeks. At the end of the annealing
process, the reaction ampoules were quenched in water.

The reaction products were characterized by powder x-ray
diffraction (PXRD) and microstructure analyses. PXRD data
were obtained at room temperature using an x-ray Guinier
diffraction technique (Huber G670 camera, Cu-K ¢ radiation,
5° < 26 < 100°). The reflection positions were determined by
profile deconvolution and corrected by LaBg [a = 4.15683(9)
A at 295(2) K] as internal standard. The unit cell parameter
of clathrate compounds was calculated from a least-square
refinement with the WinCSD program package.?* The Rietveld
refinements were performed with the same program on data
collected by a STOE STADI P diffractometer [Ge (111)
monochromator, Cu-K ¢ radiation, zero-background holder,
Bragg-Brentano geometry]. Single-crystal x-ray diffraction
data were collected with a rotating-anode diffractometer
(RIGAKU Spider, Varimax optical system, Ag-K « radiation,
A = 0.56087 A). During the data collection, a multiscan
absorption correction was applied. Crystal structure determi-
nation and refinements were performed with WinCSD. Phase
analyses of polished bulk samples were carried out using a
Philips XL 30 Scanning Electron Microscopy (SEM) with
integrated Energy Dispersive X-ray (EDX) spectrometer. The
compositions of the clathrate phase were determined with a
Cameca SX 100 Wavelength Dispersive X-ray (WDX) spec-
trometer using BagGe,s, Au, and NiSi as external standards for
the determination of the Ba, Au, and Si content, respectively.

For transport property investigations, bar-shaped samples
were cut from the annealed ingots into typical dimensions of
2 x 2 x 6 mm?® with a diamond-wire saw. Thermoelectric
properties, including 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 5-350 K temperature
range. Hall-effect measurements were carried out by using
an ac transport option of the PPMS between 10 and 300 K
and 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. Specific heat
measurements under zero magnetic field were performed with
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a PPMS by a standard relaxation method between 1.9 and
15 K and up to 300 K for selected samples.

First-principles electronic structure calculations were per-
formed using the all-electron, full-potential local orbital
method (FPLO).”> Exchange-correlation effects were taken
into account within the local density approximation (LDA) by
the Perdew—Wang parameterization.’® The space group P1
(no. 1) was utilized to investigate the band structures and
the distribution of Au atoms in BagAu, Sis—, (x = 4, 5, 6).
The actual space group Pm3n (no. 223) of type-I clathrates
could be used only for x = 6 where all Au atoms occupy
the 6¢c Wyckoff position. Atomic positions were optimized by
minimizing forces with a tolerance of 15 meV.A~!. In addition,
the le:gtice parameters were optimized to accuracy better than
0.01 A.

III. RESULTS AND DISCUSSION

A. Chemical and structural characterizations

Clathrate ~ samples with nominal compositions
BagAu,Sig_, (0.2 < x < 10) were characterized after
steel-quenching and annealing at 900°C for 3 weeks.
The lowest Au content of x ~ 2.2 was obtained after
steel-quenching a sample with the nominal composition
BagAug,Sissg [Figs. 1(a) and 1(b)]. Besides the clathrate
phase, this sample contains large amounts of BaSi, and «-Si
(in total >90 wt.%). Compounds with higher Au content
were obtained after annealing at 900 °C for 3 weeks. After
annealing the BagAug,Siysg sample, the lattice parameter
was refined to be @ = 10.3915(4) A, which is close to the
value of 10.3894(1) A for the composition x = 3.6 (Table I).
For x = 3.0, the amount of secondary phases (BaSi, and
«-Si) decreases after annealing at 900°C [Fig. 1(c)], and
quasisingle clathrate phase was obtained in the composition
range 4.0 < x < 6.0 [Figs. 1(d)-1(g), Table I]. For these
samples, the size of the clathrate grains was estimated from
SEM images to be larger than 200 pum. The impurity phase
a-Si precipitates within the clathrate grains but not at the
grain boundaries. In the present series of samples, the highest
Au content was found to be x = 6.10, and a further increase
in x, e.g. BagAuj(Siss, leads to a large amount of Au-rich
secondary phase as observed by PXRD and microstructural
analysis [Fig. 1(h), Table IJ.

PXRD patterns of all the clathrate compounds could be in-
dexed with a primitive cubic lattice in agreement with the space
group Pm3n (Fig. 2). No supercell reflections indicative of
an ordered arrangement of Au atoms or vacancies in the
Si framework could be identified. The crystal structure of
type-I clathrates comprises two pentagonal dodecahedra and
six tetrakaidecahedra per unit cell (Fig. 3).%%” These polyhedra
encapsulate the guest atoms (Ba), located at the 2a (Bal) and
6d (Ba2) sites. The framework of clathrate-I silicides is built
up by atoms located at three distinct crystallographic sites,
6¢ (Sil), 16 (Si2), and 24k (Si3). Considering that these
positions are fully occupied, all Si atoms are four bonded.
However, only the bond angles at the Si2 position are close
to the ideal tetrahedral angle of 109.5°, as expected for a
network of Si atoms exhibiting sp® hybridization. The bond
angles for atoms at Sil and Si3 sites are close to 120°.
Sil atoms join two hexagons of the tetrakaidecahedra with
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FIG. 1. SEM images of the samples with nominal composi-
tions (a) and (b) BagAuo,ZSi45_g (C) BagAll3Si43, (d) BagAU4Si42,
(e) BagAusSiy, (f) BagAuseSisa, (g) BagAueSis, and (h)
BagAu,(Sise. Except for (b), which is in secondary-electron contrast,
all other images were obtained in backscattered electron contrast. The
different phases are shown by arrows, C-I referring to the clathrate-I
phase.

~120° bond angles so that the coordination environment is
especially unfavorable for four-bonded Si atoms. Therefore,
substituting atoms (in particular transition-metal atoms) or
vacancies preferentially occupy the 6¢ site. However, the atoms
substituting the framework element can also be located at the
24k site and even at the 16i site for some elements such as
Ga or AL’ Boron represents a remarkable exception to this
behavior since this element preferentially occupies the 16i
site in K7B7Si39.28

First single-crystal x-ray diffraction analyses on type-I
clathrates in the Ba-Au-Si system were performed by Cordier
and Woll on BagAugSiso.” In the reported crystal structure,
all Ba positions (2a and 6d, see Fig. 3) were found to be
fully occupied, and the Au atoms were refined to be only at
the 6¢ site, leaving the 24k and 16 sites solely occupied by
Si atoms. Recently, single-crystal x-ray diffraction analyses
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FIG. 2. Powder x-ray diffraction pattern of a sample with nominal
composition BagAueSiso (dotted line). The calculated profile after
Rietveld refinement (solid line) and difference curve (below) are
shown. Upper and lower ticks mark the calculated reflection positions
of the clathrate phase and «-Si, respectively.
were carried out by Jaussaud et al.?®> on two compounds
with the compositions BagAus 43Si40.57 and BagAus g9Sisg 1.
According to their refinements, the Ba sites were fully occu-
pied, in agreement with the previous investigation. However,
the Au atoms were found to be distributed on both the 6¢
and 24k sites, while the 16i site was fully occupied by Si
atoms. Though Au preferentially occupies the 6c¢ site (5.14
and 5.56 Au atoms per unit cell for BagAus43Sis 57 and
BagAus goSisg 11, respectively), a small concentration located
at the 24k site could be refined (0.29 and 0.33 Au atoms per unit
cell, respectively). Their refinements indicated no vacancies in
the crystal structure of both compounds. For our single-crystal
x-ray diffraction experiment, a crystal was picked from a
sample with the composition Bag oo2)AUe.10(2)5138.97¢4). The
refinement results are in accordance with the published single-
crystal data.”* Besides Ba sites being fully occupied, Au atoms
were found to mainly occupy the 6¢ site, and a small amount
(~0.5 Au atoms) was refined at the 24k site. The 16i site
was fully occupied by Si atoms. Moreover, the presence of a

FIG. 3. (Color online) Crystal structure of the type-1 clathrate
BagAu, Sise_,. The pentagon dodecahedra and tetrakaidecahedra are
shown in blue (medium gray) and green (gray), respectively. The
framework atoms are located at the 6¢ (yellow/light gray), 16 (gray),
and 24k (red/dark gray) sites, while the Ba atoms are located at the
2a and 6d (blue/medium gray) sites.
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TABLE I. Determined compositions, nature of the secondary phases, and lattice parameter (a) of the BagAu, Sis_, samples. While the Au
content of the steel-quenched sample with nominal composition BagAug,Siss s was determined from a linear fit of the lattice parameter data
(see Fig. 4), all the other samples were annealed at 900 °C and the compositions obtained by WDXS.

Nominal composition Determined composition Secondary phases a(A)
BagAuo_2$i45_g BagAu2_2$i43_g BaSiz + a-Si 103673(6)
BagAU3Si43 Bag‘00(4)AU3‘63(2)Si41‘11(5) BaSiz + «-Si 103894(1)
BagAll4Si42 Bag<00(3)Au4<10(5)Si40434(5) o-Si 1039768(8)
BagAuy 755141 25 Bag 02) AUy 85(2)Si39.72(4) a-Si 10.4084(1)
BagAusSiyy Bag o02)Aus.10011)Si39.88(11) a-Si 10.41260(8)
BagAus,15Si0.85 Bag 00(2)AUs. 142)S139.51(2) a-Si 10.41473(8)
BagAus 30Sis0.70 Bag 0(3)AUs 43(5)S139.76(6) a-Si 10.41615(9)
BagAus 45514055 Bag 002) AUs.502)S139.01(3) a-Si 10.41747(8)
BagAus ¢0Sis0.40 Bag 003)AUs.762)S139.21(4) a-Si 10.41761(9)
BagAu6Si4() Bag_()()(z)Al,l5_1()(2)Si3g_97(4) a-Si 1041767(9)
BagAu108i36 Bag‘o()(g)Au&()l(g)Si33‘90(3) BalgAll54Si27 + «-Si 104174(1)

small amount of vacancies (<0.3 per formula unit) at the 6¢
site cannot be ruled out. Rietveld refinements performed on
PXRD data for different clathrate compositions (x = 4.0, 5.0,
and 6.0) agree with our data and the published single-crystal
data.?® The occupation of different crystallographic sites by
transition metal atoms is not confined to the Ba-Au-Si system,
and Pt and Pd were also found to partially occupy the 24k sites
in BagPt, Sise_, and BagPd, Si46fx.30

Figure 4 shows the variations in the lattice parameter
a with the actual Au content of the samples investigated.
Here, a increases linearly up to x = 5.59 before exhibiting
quasiconstant values up to x = 6.10. It is worth mentioning
that the reported lattice parameter for BagAus 43Siq 57 [a =
10.414(1) A]® is close to that obtained here for the x =
5.14 sample [a = 10.41473(8) A]. As already suggested by
these authors, this result points to a lower actual Au content
than the claimed composition, thereby explaining the n-type
behavior observed for this sample, which was at odds with
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FIG. 4. (Color online) Lattice parameter a of BagAu, Siss_, as a
function of the actual Au content: (O) the present series of samples,
(V) extrapolated to T = 0 K, (O) reported by Jaussaud ez al. (Ref. 23),
(A) by Cordier et al. (Ref. 29), and (4) derived from our band
structure calculations. For our samples, the error bars related to the
estimated standard deviations of the lattice parameters are smaller
than the size of the symbols used.

the p-type conduction expected for x = 5.43, according to the
Zintl-Klemm concept. The expansion of the lattice parameter
with x is consistent with an increase of the gold content at the
6c¢ site due to the larger size of the Au atoms with respect to Si
atoms. This is further confirmed by the Aul-Si3 interatomic
distances [dau1-siz & 2.44 A, a = 10.414 (1) A], which are
longer than the Sil-Si3 bond length in BagSiss [dsii—siz &
240 A, a = 10.328(2) A].'3! As mentioned above, the Au
atoms also occupy partially the 24k site at high x values.”’
However, whether a small concentration of Au located at this
site can explain the saturation of the lattice parameter above
x = 5.59 is not yet clear. In addition, as shown by our band
structure calculations (Section B), the variations in a with x
can be derived assuming that Au only substitutes Si on the 6¢
site. The expansion of the crystal lattice upon alloying with
Au is not fully understood and requires further investigations.

B. First-principles calculations
1. Total energy calculations

The clathrate BagAu, Sizs_, (4 < x < 6) exhibits an inherent
chemical disorder due to Au and Si atoms sharing at least
one Wyckoff position. One way of treating this disorder in
first-principles calculations is using ordered models. We have
chosen to work with the 54-atom unit cell with space group
P1 (no. 1). The cases x =4 and 5 involve Au-Si disorder only
at the 6¢c Wyckoff position of the space group Pm3n, while
for x = 6, refinements on single-crystal data show that Au is
distributed over both the 6¢ and 24k sites.

In the crystal structure of type-I clathrates, two 6c¢ sites
and four 24k sites form a planar hexagon, and each hexagon
is connected to another perpendicular one at a 6c¢ site
(Fig. 3).21031-33 Hence, each atom at the 6¢ site has four
atoms at the 24k site as the nearest neighbors. The two 6¢
sites belonging to a particular hexagon lie on a line parallel
to one of the crystallographic axes [100], [010], or [001].
Therefore, two distinct ordered models are possible for the
clathrate BagAuySiy, in the 54-atom unit cell: the 6¢ sites
of each hexagon contain atoms of the same element (Au-Au
and Si-Si pairs), or two of the three hexagons have mixed
Au-Si pairs at their 6¢ sites. Total energy calculations favor
the mixed-pair model by 1.76 meV per atom. The fully
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optimized structure of this model has a lattice parameter of
10.329 A, which represents a smaller unit cell volume (2.0%)
in comparison to experiment, a deviation well within the
typical LDA values. In the case of BagAusSis, there is only
one possible configuration with Au atoms placed at five of
the 6c¢ sites. Full optimization yields a theoretical volume
smaller than the experimental one by 1.9% (the theoretical
lattice parameter is 10.347 A). BagAugSiy is the most complex
case since the disorder is found to involve two Wyckoff
positions. We have considered the following configurations
in our total-energy explorations: (i) all six Au atoms at the 6¢
sites; (ii) five Au atoms at 6¢ and one at a 24k site, which is
one of the nearest neighbors of the Si atom at the remaining
6¢ site; (iii) five Au atoms at 6¢ and one at a 24k site, which
is a nearest neighbor of one of the Au atoms at 6¢; (iv) five
Au atoms at 6¢ and one at a 16i site. Though the last two
cases can be further divided into two distinct configurations,
these models were found to be energetically unfavorable and
will not be discussed further in the following analysis. The
configuration where all 6¢ sites are occupied by Au atoms
has the lowest total energy. If this energy is taken as zero,
then the energies of the other configurations are, respectively,
7.0, 26.6, and 17.2 meV per atom. As expected, Au-Au
contacts with a distance typical of a covalently bonded Si
framework are energetically unfavorable, therefore preventing
the clustering of Au atoms in the clathrate crystal structure. A
simple statistical mechanical model, which takes into account
configurational entropy,®* predicts a site occupancy factor
(for Au at 24k) of 0.0065 at T = 900 K, roughly half of
the experimental values reported at room temperature.>? This
discrepancy may have two sources: (i) neglect of entropy
contributions due to phonons, (ii) since placing one Au atom
at a 24k site largely exceeds the experimentally determined
occupancies (0.2-0.3 Au atoms at 24k sites), our calculations
based on the 54-atom cell may have given a much higher total
energy. Nevertheless, we optimized the crystal structures of
both models (i) and (ii). The equilibrium lattice parameters
are found to be practically the same within the numerical
accuracy, 10.352 A (the theoretical lattice volume is smaller
than the experimental one by 1.9%). This result implies that,
once five out of six 6¢ sites are occupied by Au atoms, then
the equilibrium volume is not affected by whether the sixth Au
atom is located at the remaining 6¢ site or at a 24k neighbor
of the Si atom at 6¢.

A comparison of the theoretical lattice parameters for x =
4, 5, and 6 with their experimental counterparts, extrapolated
to T = 0 K using the thermal expansion coefficient measured
by Falmbigl et al.,*® reveals that theoretical values are smaller
by almost the same factor, and thus both sets of data convey the
same behavior (Fig. 4). The slopes derived from first-principles
data are 0.018 A per x for 4 < x < 5, and 0.005 A per x for
5<x<6.

2. Electronic band structure

Both previous and present experimental studies point to
the existence of a metal-insulator transition in BagAu, E4¢_y
(E = Si, Ge) around x = 16/3 ~ 5.33.2223 The justification for
this observation relies on the assumption that Au atoms with
an electronic configuration s'd' located at 6¢ sites need three

PHYSICAL REVIEW B 84, 195137 (2011)
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FIG. 5. Energy dependence of the total density of states near the
Fermi level of BagAu, Sig_, for (a) x =4, (b) x =5, and (c) x = 6.
The vertical dashed line at 0 eV stands for the Fermi level.

extra electrons to form two-center two-electron bonds with
their four neighboring E atoms, the eight Ba atoms providing
16 electrons in total. An examination of the total density of
states (DOS) computed for x = 4, 5, and 6 (Fig. 5) reveals a
theoretical explanation for the observed transition. For x = 6,
a narrow energy gap of width ~0.08 eV is located ~0.15 eV
above the Fermi energy (set to 0 eV), which suggests p-type
electrical conduction. On the other hand, in the case of x = 5,
the DOS nearly vanishes at ~0.14 eV below the Fermi energy,
indicating n-type electrical conduction. Clearly, an n-type-p-
type crossover occurs between x = 5 and 6. It is likely that the
gap in the x = 6 case and the dip observed at E = —0.14 eV
for x = 5 correspond to a semiconducting composition. This is
further supported by the integration of the DOS between 0 and
0.15eV for x = 6 and between —0.14 and O eV for x =5, which
gives exactly two and one electrons, respectively. In order to
understand these values, let us consider the following idealized
situation: assuming one and four valence electrons for Au and
Si, respectively, one obtains a difference of three electrons
between the x =5 and x = 6 cases. If we take x = 6 as reference
and start decreasing the Au content, the electron number will
increase by two at exactly x = 16/3 ~ 5.33. Equivalently,
if x = 5 is taken as reference and we start increasing the
Au content, the decrease in electron number will reach one,
again at exactly x = 16/3. Therefore, the values obtained from
integrated DOS coincide perfectly with the values expected
from idealized valence electron numbers. As far as electronic
states are concerned, the composition corresponding to x =
16/3 is predicted to be a semiconductor, in agreement with
our experimental results (see below).

The total DOS shown in Fig. 5 and the dispersion curves in
Fig. 6 were computed using the experimental lattice parameters
and optimized atomic coordinates. The x = 4 and 6 cases are
related to the models which have the lowest total energy. The
occupancies of the relevant states as obtained from projected
DOS are independent of the Au content. Au 5d, 6s, and
6p states have approximately 9.40, 0.80, and 0.65 electrons,
respectively. The 5d states of Bal and Ba2 atoms have 0.8
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FIG. 6. Dispersion curves along high-symmetry directions near
the Fermi level of BagAu,Siy_, for (a) x = 4, (b) x = 5, and
(©)x =6.

and 0.6 electrons, respectively. Remarkably, these values for
Ba are essentially similar to those found in the BagNi, Sige—x
system.'? The values of the DOS at the Fermi energy, N(E),
are 5.24,11.95, and 25.23 states eV ! perunitcell forx =4, 5,
and 6, respectively. However, the number of bands crossing E
seems to better reflect the proximity of the x =5 compound to a
semiconducting state since two, one, and three bands intersect
Ep forx =4, 5, and 6, respectively (Fig. 6).

The facts that the calculated Au 5d occupancies are very
high and the integrated DOS analysis gives a picture consistent
with the idealized Au electronic configuration of s'd'? suggest
that Au 5d orbitals are only weakly hybridized with the
orbitals of the neighboring atoms. Hence, the 5d states of
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Au atoms give rise to narrow and sharp features indicative of
weakly dispersing bands. The total DOS is dominated by the
Au 5d contributions in the energy ranges (—7.0, —4.4) eV,
(—6.75, —4.0) eV and (—6.6, —3.75) eV for x = 4, 5, and
6, respectively. Above these specified energy regions and up
to the Fermi energy, the Si 3p contributions become more
dominant. Interestingly, one can notice rigid-band behavior in
this region in sharp contrast with the BagNi, Siss_, system for
0 < x < 4, where nonrigid-band evolution was observed.!?
This rigidlike behavior is further shown by the electron energy
bands in the vicinity of the Fermi energy. As can be seen in
Fig. 6, Ep shifts down by approximately 0.3 eV on going
from x =4 tox =5, and from x = 5 to x = 6 with only small
variations in the overall shape of the bands.

C. Electronic properties

Figure 7 shows the temperature dependence of the electrical
resistivity. No superconducting transition was observed down
to 1.9 K, suggesting a substantial weakening of the electron-
phonon coupling strength upon alloying. Except for the
x = 5.43 compound, which shows semiconducting behavior,
all the samples exhibit a metallic behavior in the whole
temperature range. For x = 4.10, the measured values are low
and characteristic of a metallic system (Table II). Increasing
the Au content then leads to higher resistivity values, which
remain practically unchanged for 4.85 < x < 5.14. At higher
Au contents (x > 5.43), p significantly drops and decreases
with x, the lowest values being achieved at x = 6.10. As
we shall see below, the variations in p are consistent with a
crossover from an n- to a p-type metal near the theoretical
concentration x = 5.33 via a semiconducting state (x =
5.43). Within this scenario, the variations in the electrical
resistivity should mainly reflect the variations in the charge
carrier concentration.

We carried out measurements of the Hall coefficient over
the 10-300 K temperature range in order to determine the
charge carrier concentrations and mobility. Figures 8(a) and
8(b) show the transverse Hall resistivity p., as a function of the
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FIG. 7. (Color online) Temperature dependence of the electrical
resistivity p of the BagAu, Siss_, samples for (0) x = 4.10, (O) x =
485, (0)x =510, () x =5.14, (V) x =543, (1) x =5.59, (A)
x =5.76, and (W) x = 6.10.
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TABLE II. Room temperature values of the electron (n, for 4.10 <

PHYSICAL REVIEW B 84, 195137 (2011)

x < 5.14) and hole (p, for 5.43 < x < 6.10) concentrations, Seebeck

coefficient («), and electrical resistivity (o) of the different BagAu, Siss_, compounds studied. The total thermal conductivity («) values are
given at 200 K due to the radiative contribution responsible for the slight upturns observed above this temperature.

Au content from WDXS n/p (10* cm=3) a (VK™ o (u.m) Kk (Wm 'K
4.10 6.5 —-9.1 53 3.6
4.85 4.1 —32.6 33.7 2.3
5.10 1.9 —65.4 36.0 2.3
5.14 0.8 —-90.9 32.1 2.2
5.43 0.8 107.2 57.6 1.9
5.59 1.5 107.6 20.4 2.2
5.76 3.1 64.1 10.3 1.6
6.10 7.2 38.9 6.2 1.7

magnetic field uoH at selected temperatures for the illustrative
x = 5.10 and 5.76 samples. In the whole temperature and
field ranges covered by these experiments and regardless of
the Au content, the initial Hall coefficient Ry = %l H=0 18
well defined as no departure from linearity is observed in

0.0

-1.0—

p_(10° Q.cm)

Xy

1.5

(c) .

4 4.5 5 5.5 6 6.5

Pxy(toH), suggesting the absence of multiband conduction.
The negative slope observed in the x = 5.10 sample turns
into a positive one in x = 5.76, indicating a transition from
an electron-dominated transport response to hole-dominated
transport with increasing x. These results thus show that
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FIG. 8. (Color online) Transverse Hall resistivity p., as a function of the magnetic field puoH of BagAu,Sis_, for (a) x = 5.10 and
(b) x = 5.76 measured at (0) 275 K, (0) 105 K, and (A) 35 K and (0) 200 K, (O) 155 K, and (A) 10 K, respectively. The solid black lines stand
for the best fit to the data highlighting the linearity of the p,, (1o H) data. (c) (O) Electron and (O0) hole concentrations as a function of the Au
content. The solid black line delineates the n- and p-type regions according to the Zintl concept (x = 5.33). (d) Temperature dependence of

the Hall mobility py of the x = 5.14, 5.59, and 6.10 samples.
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an n-type-p-type crossover occurs, as suggested by our
band structure calculations (Section B). Within a single-band
picture, the Hall coefficient Ry is related to the electron and
hole concentrations n and p, respectively, through the relations
n = —1/Rye and p = 1/Rye, where e is the elementary
charge. As shown in Fig. 8(c), the carrier concentration first
decreases with x before increasing from x = 5.43 up to 6.10,
confirming the evolution of this system from n- to p-type
metallic states via a semiconducting region near x = 5.33.

The Hall mobility of the charge carriers uy = Ry/p
remains low across the entire Au concentration range, of
the order of a few cm>.V~'s~!, as shown in Fig. 8(d),
which depicts the temperature dependence of wy for the
illustrative x = 5.14, 5.59, and 6.10 samples. Below 50 K, uy
is quasiconstant, while above this temperature, the mobility
of the charge carriers decreases following approximately a
T~!5 Jaw. The temperature dependence of 11z can be usually
explained by the conventional theory of itinerant electron
or hole conduction involving multiple-scattering sources. In
this model, py can be limited by ionized-impurity, acoustic-
phonon, or neutral-impurity scattering, which gives rise to
temperature dependences governed by simple power laws, i.e.
T* withs =3/2, —3/2, and 0, respectively. The observed tem-
perature dependence thus points to neutral-impurity scattering
dominating below 50 K and acoustic phonon scattering above
this temperature.

The temperature dependence of the thermopower is shown
in Fig. 9. Below x = 5.14, « is negative, indicative of electrons
as the dominant charge carriers. With increasing temperature, a
linear variation can be observed in the whole temperature range
for the x = 4.10 and 4.85 compounds, reflecting a diffusive
regime. A nonlinear 7' dependence of the thermopower at low
temperatures suggests an evolution from a metallic state at
low Au contents (x = 4.10 and 4.85) towards highly doped
semiconductors for x = 5.10 and 5.14. Further addition of Au
results in a crossover from - to p-type conduction, as revealed
by positive thermopower values, in agreement with the Hall-
effect data. The observed transition occurs at a composition
falling between x = 5.14 and x = 5.43 and thus appears to be
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FIG. 9. (Color online) Temperature dependence of the ther-
mopower « of the BagAu,Sise_, samples for (0) x = 4.10, (O)
x =485, ()x=510,()x =514, (¥) x =543, (\) x =5.59,
(A)x =5.76, and (m) x = 6.10.
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consistent with the idea that the Au atoms exhibit a valence
state close to Aut (s'd'" configuration) in these materials.
Increasing the Au content to x = 5.59 and 6.10 results in a
decrease in the magnitude of «w(7"), which recovers a linear
temperature dependence. This indicates thermal diffusion of
the charge carriers, as expected in a metallic state. The overall
dependence on x is consistent with the scenario revealed by
our first-principles calculations, whereby the Fermi level lies
within the conduction bands at low x values (n type), then
shifts towards the band edge as x increases and finally crosses
the band gap to be located in the valence bands (p type).
As x approaches 6.10, the Fermi level moves deeper inside
the valence bands, resulting in a more pronounced metallic
character.

The BagAu, Sige—, samples display trends typical of heavily
doped semiconductors when x approaches 5.33 from both the
n- and p-type sides. The evolution from a metallic to a highly
doped regime can be traced by the variations in the position of
the Fermi level with respect to the band gap. Combining the
thermopower and the Hall-effect data (Table II), the position
of the Fermi level can be inferred along with the effective mass
of the charge carriers. Within a single-parabolic-band model,
the thermopower and carrier concentration can be expressed
2536

kn |:(2+)»)F1+x(72) _ ] 0

A+ F.®n)

3
4 (2am*kpgT \?
porn = ﬁ (TB) F%(’?) (2)

where £ is the Planck constant, kg the Boltzmann constant, m*
the effective mass of the charge carriers, A a scattering constant
related to the energy dependence of the electronic scattering
mechanism, and F; the Fermi integral of order i defined as
F(n) = fooo #déin] where & is the reduced energy of the
charge carriers and n the reduced Fermi level defined as n =
Er/kpgT. Assuming that this model can be extended across the
Au concentration range between x = 4.85 and x = 6.10, we can
derive m* and n from Eqgs. (1) and (2). Here, we further assume
that, near room temperature, acoustic-phonon scattering is
the dominant scattering mechanism of the charge carriers for
which A = 0. The obtained values, listed in Table III, indicate
that the effective mass shows only little variations with the Au
content on each side, supporting a rigid-band picture unveiled
by our band structure calculations. This result also indicates
that a single-parabolic-band model describes the conduction

e

TABLE III. Effective masses (m*/mg), reduced Fermi level
(n), and Lorenz number (L) estimated at 300 K using Egs. (1), (2)
and (4).

Au content from WDXS m*/myg n L (x1078 V2K
4.85 4.1 8.7 2.34
5.10 49 4.2 2.11
5.14 3.9 2.8 1.96
543 4.7 2.2 1.88
5.59 7.2 2.2 1.88
5.76 6.7 4.3 2.12
6.10 7.1 7.3 2.30
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and valence band edges reasonably well. However, crossing
the n-type- p-type border leads to a significant change in m*,
which becomes higher in the p-type samples. This change is
consistent with the shape of the valence bands, which are flatter
than the conduction bands (see Fig. 6). These enhanced values
are likely to explain the higher magnitude of o observed in
the p-type samples at similar carrier concentration levels (see
Table II). In addition, the reduced Fermi level clearly decreases
as the Au content increases before increasing again when the
conduction switched to p type, in agreement with progressive
metal-insulator transitions in both the n- and p-type regions.

D. Thermal properties

Figure 10 shows the temperature dependence of the specific
heat, C,(T), between 1.9 and 300 K for the illustrative x =
4.85 and 5.59 samples. Interestingly, as already observed
in the isostructural BagGa;cGesg compound,20 the C,(T)
values do not reach the Dulong—Petit value near 300 K. This
approximation, which is usually used to estimate C,(T) at
high temperatures, thus overestimates the experimental value
near and above 300 K.

The specific heat data in the low-temperature regions were
fitted using the conventional Fermi-liquid relation C,/T =
¥ + BT? where y is the Sommerfeld coefficient reflecting the
electronic contribution and BT? the phononic contribution.
The inferred values of y and B are listed in Table IV. The
variation in y with x (Fig. 11) shows that y decreases as
the Au content approaches the x = 5.33 concentration before
following a quasilinear increase up to x = 6.10. This variation
backs up the trend uncovered by the thermopower data and
shows that N(Ef) eventually vanishes at a concentration in
the vicinity of x = 5.33, for which pure semiconducting
behavior is expected. As can be observed, the agreement
between the y values calculated within the FPLO method and
the experimental ones is good except for the x = 4 compound
for which the FPLO value is appreciably smaller. Since such
a large enhancement of the Sommerfeld coefficient due to
electron-phonon interactions is highly unlikely, the source of
the discrepancy probably lies in the ordered crystal structure
used in the FPLO calculations to model the x = 4 case. Models
based on larger supercells may have lower total energies but
somewhat higher N(Er) values.

The B values enable us to extract the Debye temperatures,
Op, via the relation 6p = [(127*RN)/(58)]1"/3 where R is
the gas constant and N the number of atoms per formula

PHYSICAL REVIEW B 84, 195137 (2011)
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FIG. 10. (Color online) Temperature dependence of the specific
heat C), of the (a) x =4.10 and (b) x = 6.10 samples. The black solid
line stands for the value expected from the Dulong—Petit law.

unit. The 6p values obtained by using the total number of
atoms derived from WDXS experiments are summarized in
Table IV. As shown in Fig. 12(a), the addition of Au does not
markedly influence 6p, which remains quasiconstant below
x =4.85. This suggests a minimal impact of Au on the phonon
spectrum in this composition range. Above this value, however,
Op slightly decreases in a quasilinear way up to x = 6.10. We
surmise that a progressive increase in the concentration of Au
on the 24k site might have a more pronounced influence on

TABLE IV. Values of the y and 8 parameters inferred from low-temperature specific heat analyses. The experimental and theoretical total
DOS values N(Er)exp and N(Er)ppLo together with the Debye temperatures 6 derived from the 8 parameters are also given.

Au content from WDXS  y (mJ.mol"".K™?) B (mJ.mol"'.K™) N(Ef)e, (statesRy 'fu."") N(Ep)mro (states.Ry 'f.u.™") ©p (K)
4.10 314 1.50 181.5 71.3 412
4.85 23.8 1.44 137.6 418
5.10 21.0 1.60 1214 162.5 404
5.14 15.1 1.56 87.3 407
543 11.2 1.77 64.7 390
5.59 25.4 2.05 146.8 371
5.76 38.5 2.21 222.5 362
6.10 59.0 2.79 341.1 343.1 335
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FIG. 11. (Color online) Sommerfeld coefficient y of
BagAu,Sis_, as a function of the Au concentration in the (O)
n-type and (O) p-type regions. The black solid line marks the
theoretical Au concentration (x = 5.33) where a crossover from n- to
p-type is expected to occur according to the Zintl-Klemm concept.
The symbols (/\) refer to the theoretical values derived by the FPLO
method.

the local environment in the unit cell, thereby further affecting
the phonon spectrum.

A quantitative description of the temperature dependence
of C, in clathrate compounds is usually based on the Debye
theory, including additional FEinstein terms to take into
account the thermal motion of the Ba2 atoms entrapped in the
tetrakaidecahedra. After subtracting the electronic contribu-
tion y T, the lattice specific heat C1(T) can be expressed as

127*Npkg xte*dx
5 (ex — 1)
el T

O\’
+ ZPiNEiR ( T ) (efsi/T — 1)2 3
i

where Cp is the lattice contribution associated to the Au-Si
framework described within the Debye model and Cg; the
Einstein contribution of the ith vibrational mode of the Ba2
atoms. Since single-crystal refinements have shown that the
Bal atoms exhibit similar Atomic Displacement Parameter
(ADP) values as those obtained for the Si atoms,?® the Bal
atoms can also be treated as Debye oscillators. In Eq. (3),
x = hw/kgT with h = h/2m, Np is the number of Debye
oscillators per formula unit and p;, Ng;, and Og; are the degrees
of freedom, the number of Einstein oscillators, and the Einstein
temperature related to the ith vibrational mode, respectively.
The Einstein contribution can be visualized by plotting C,,/ T
versus 7 and appears in the present case as a peak centered
near 15 K [Fig. 12(b)]. Several studies carried out on Ge-based
type-I clathrates have shown that the thermal motion of Ba2
atoms can be satisfactorily modeled by separating the in-plane
from the out-of-plane vibrations.’*? In the present case, the
two-dimensional in-plane and one-dimensional out-of-plane
motions are thus modeled by two Einstein temperatures 021
and 0z,, respectively, with the degrees of freedom and the

CL=Cp+Cgi =

number of Einstein oscillators fixed to p'llN 1!“1 =2 x 6 and
PpENL =1 x 6. The ), and 67, values inferred from least-
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FIG. 12. (Color online) (a) Debye temperatures 6, inferred from
analyses of the low-temperature specific heat data as a function of
the Au content. (b) C‘,,/T3 versus T for the (0) x = 4.10, (O) x =
4.85, (/\) x =5.59, and (®) x = 6.10 samples to highlight the extra
contribution to the specific heat originating from the Ba2 atoms. (c)
Einstein temperatures (O) 6}, and (7)) 6%, derived from specific heat
data using Eq. (3) as a function of the Au content. In both panels, the
black line delineates the n- and p-type regions.

square fits to the data according to Eq. (3) for the x = 4.10,
4.85,5.59, and 6.10 samples are listed in Table V. These values
are in very good agreement with the phonon modes revealed by
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TABLE V. Values of the Debye temperatures 6, and Einstein temperatures (6 22 and 6,) derived from analyses of the specific heat according
to Eq. (5). The corresponding phonon modes measured by Raman spectroscopy are given for comparison purposes (Ref. 13).

Au content from WDXS 0p (K) ng (K) 0%, (K) Raman modes (K)
4.10 358 79 101 75 and 102
4.85 353 78 94 77 and 105
5.59 343 76 84

6.10 326 73 95 73 and 101

Raman spectroscopy experiments carried out on x = 4.0, 5.0,
and 6.0 samples (Table V).!3 As shown in Fig. 12(c), the values
of 9,!1 decrease continuously with the Au content without
exhibiting any abrupt change at the n-type- p-type transition.
The observed decrease may be correlated to the increase of
the cage volume upon alloying with Au, as shown by single-
crystal x-ray diffraction and by our PXRD data.?* This volume
change implies an increase in the in-plane thermal motion
characterized by lower Einstein temperatures. It contrasts with
the dependence of 0z,, which first decreases with x up to x
= 5.59 before increasing at higher Au contents. While the
decrease in the n-type region may also be associated with the
larger volume of the cages, the increase in 9,:%2 for x > 5.59
may be related to the presence of Au atoms on both the 6¢ and
the 24k sites and/or to the saturation of the lattice parameter
in this composition range (see Table I and Fig. 4). In any case,
our results suggest that substituting with Au affects the out-
of-plane vibrations more strongly than the in-plane motion.

Figure 13(a) displays the temperature dependence of the
total thermal conductivity. Below x = 5.43, all the samples
exhibit a temperature dependence typical for the phonon
conductivity in crystalline insulators, characterized by a
pronounced maximum at low temperatures followed by a
drastic decrease due to an increasing amount of Umklapp
scattering events. The observed differences in the values of
these dielectric maxima are probably related to variations in
the microstructure of the samples. The values reached appear
to be strongly influenced by the grain size as well as the amount
of secondary phases, which differ across this series of samples.
Above x = 5.43, however, the crystalline peak disappears, and
the thermal conductivity increases in the whole temperature
range. The sample with x = 5.43 thus appears to be at the
border of these two different regimes since a maximum, though
much weaker, is still discernable.

The detailed analysis of the Hall-effect and thermopower
data has shown that a model assuming a single parabolic
band with dominant acoustic phonon scattering describes the
electrical properties of these samples quite well. This model
can be extended to the thermal transport to accurately assess the
lattice thermal conductivity, k1, by subtracting the electronic
contribution, «,, calculated via the Wiedemann-Franz law,
k. = LT /p. Within the above-mentioned assumptions, the
Lorenz number, L, obtained via solutions of the Boltzmann
transport equation, is expressed as*®

[ — ki (1+ )G + M F () P () = 2+ ) Fi ()

e (1 + 1?2 F(n)?

“

At low temperatures, L was assumed to be constant and
equal to the value calculated at 300 K by taking A = 0 and
using the n values derived from the thermopower data using
Eq.(1) (Table III). The L values significantly differ from that
of a degenerate electron gas in a pure metal (L = Ly =
2.44 x 1078 V2.K~2). The metallic behavior of the x = 4.10
sample indicates that assuming L = L at low temperatures is
reasonable in this case.

The temperature dependences of k., and «; are shown
in Figs. 13(b) and 13(c), respectively. Below x = 5.43, the
curves are similar, indicating a minimal influence of the Au
content on the lattice contribution, as expected from such
close chemical compositions. However, a further increase
in x results in a significant drop in k., the lowest values
being achieved at x = 6.10. The fact that the behavior of the
thermal conductivity varies with the type of charge carrier has
already been observed in other type-I clathrate compounds,
e.g. BagGaGesp, BagNig_,Geqo1, and BagGa sSnsy where
p-type conduction is synonymous with glasslike behavior.3”~
Though the exact reason of the difference between n- and
p-type materials is not fully understood, it was suggested
that hole carriers might help increase the intensity of the
coupling between the guest vibrations and the framework,
thereby efficiently reducing the lattice thermal conductivity.*’
Another ingredient which has been invoked to explain glasslike
behavior is a strong interaction between phonons and charge
carriers. This mechanism, related to changes in the effective
mass m*, has been suggested as being solely responsible for the
shift from crystalline to glasslike behavior in the EugGa;sGesg
and BagNig_,Geyo,, systems.’’**41=8 Ag pointed out by
Avila et al.,** the overall picture may be more complex,
and several mechanisms may simultaneously contribute to
achieve glasslike behavior, each of them dominating a different
temperature range and varying with the composition of the
clathrate. This complexity is further demonstrated by results
obtained in n-type BagGa;cGesg, where a crossover to a
glasslike regime has been observed below 2 K even though
a crystalline peak is clearly present near 15 K.*

Each of these mechanisms nevertheless leads to signatures
which can be unveiled either by crystallographic studies or via
specific-heat data, which we now discuss for BagAu, Sige_, in
light of the results mentioned above. A first essential feature
is the crystalline peak still discernable in the p-type x = 5.43
sample, which indicates a gradual evolution from crystallike to
glasslike dependence. This progressive disappearance closely
resembles the one observed in the SrgGa;6Sizo_,Ge, system,
where a clear correlation between the free space for the
Sr atoms in the cages and a continuous transition from
on-center harmonic to off-center anharmonic vibrations was
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FIG. 13. (Color online) Temperature dependence of the (a)
total, (b) electronic, and (c) lattice thermal conductivities of the
BagAu, Sise_, samples for (0) x = 4.10, (O) x = 4.85, () x =
5.10, (1) x =5.14, (y) x =543, () x =5.59, (&) x = 5.76, and
(m) x = 6.10. The solid red (dark gray) and black curves stand for the
temperature dependence of the thermal conductivity in the amorphous
limit according to Eq.(5) and calculated for the compositions x =4.10
and 6.10, respectively.

uncovered.* It is this transition which leads to a strengthening
of the coupling between the low-energy modes associated to
the guest atoms and the acoustic modes of the cages. X-ray
diffraction analyses indeed revealed that Sr atoms are located

PHYSICAL REVIEW B 84, 195137 (2011)

at the off-centered 24k site with }1 occupancy. However, this
feature is not restricted to SrgGa6Sizy—, Ge, and has also been
observed in the n-type SrgGajcGesg, n-type EugGaicGesg,
and p-type BagGajSnso.****7 The distinct position away
from the centered 6d site gives rise to a dynamic motion of
the guest ions via tunneling among the fourfold split sites,
leaving two signatures in the thermodynamic properties at low
temperatures.*-" The first one is associated with tunneling
states, yielding an extra contribution to the specific heat at
low temperatures via a T-linear term C7g = DT, which
convolves with the conventional electronic contribution to the
specific heat C, = yT.*® It is therefore usually difficult to
extract this term from the experimental data. Nevertheless, this
contribution has been shown to dominate the low-temperature
C,(T) data in the above-mentioned clathrates resulting in an
apparent y value anomalously larger than that expected from
the free electron model.*’*® The second signature is related
to the inadequacy of Eq. (3) to describe the peak observed in
the C,(T)/ T3 data as demonstrated in the SrgGa;¢Sizg_,Ge,
system.44 In the BagAu, Siys_, compounds, no hints of the
presence of these two signatures could be resolved, neither in
the y values, which can be explained solely by the variations in
the density of states with x, specifically at large x values, nor
inthe C,(T)/ T3 data, which can be well described by Eq. (3),
regardless of the composition. In addition, our crystallographic
investigations together with those of Jaussaud et al.>* could not
provide any indications of a split position of the Ba2 atoms,
usually reflected by abnormally large thermal ellipsoids.

The absence of tunneling states in the present system thus
points to different mechanisms responsible for the observed
crossover. Additional phonon scattering off the Au/Si sites
and naturally linked to the presence of Au atoms on both the
6¢ and 24k sites for x > 5.43 may play a significant role in
the disappearance of the crystalline peak. However, it is not
yet clear whether such a small number of Au atoms (~0.3 for
x = 5.89,23 ~0.5 for x = 6.10) is able to have such a profound
effect on the lattice thermal conductivity. Additionally, an
enhanced phonon-charge carrier coupling may also contribute
to the lower «(T') values and, as in the p-type BagNig_,Gesox
clathrates,* may be reflected by the larger effective mass in
the p-type BagAu, Sige_, samples (see Table III). It should be
kept in mind that, in the present system, it is not fully clarified
whether these mechanisms lead to a temperature dependence
which only mimics that of glasslike systems, as already seen,
e.g. in skutterudite compounds,’’ or whether they result in
a real glassy dependence, as observed in some other type-I
clathrates. To settle this issue, it would be illuminating to grow
single crystals of p-type BagAu, Siss_, clathrates and measure
the thermal conductivity at lower temperatures to possibly
uncover a T2 dependence which represents the hallmark of
glassy systems.>?

As shown in Fig. 13(c), the very low « (T') values approach
the amorphous limit of the lattice thermal conductivity kpip,
calculated for the x = 4.10 and 6.10 samples by using the
formulation developed by Cahill et al.,>
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where the summation is performed over one longitudinal
and two transverse modes. Here, V stands for the average
volume per atom, and 6; = v;(h/kg)(6m2/ V)3 and v; are
the Debye temperature and the sound velocity associated
to each mode. The transverse and longitudinal velocities
of sound, vy and vy, respectively, can be related to the
averaged velocity of sound v via the formalism developed by
Slack et al.>*

3—2+1 (6)
v3_v% v’

In Eq. (6), we used the value of v obtained from the Debye
temperature, derived by analyzing the specific heat data. Note
that ki, shows only a tiny composition dependence on going
from x = 4.10 to 6.10. Clearly, the phonon mean free path
is strongly limited in the p-type samples with respect to the
n-type analogues. Thus, substitution of Si by Au appears as an
efficient way to achieve lower thermal conductivity values in
Si-based type-I clathrates.

IV. CONCLUSION

We have reported a detailed investigation of the evolution of
the low-temperature transport properties in the type-I clathrate
phase BagAu,Sige—, for 4.10 < x < 6.10 to address the
x dependence of the electronic properties along with the
thermoelectric potential of these materials. The chemical and
structural characterizations have shown that the homogeneity
range in this system extends from x = 3.63 to x = 6.10 at
900°C and that Au atoms preferentially occupy the 6c¢ site,
even though a small amount was also refined at the 24k site.
The transport data could be satisfactorily described within a
single-parabolic-band model, assuming that the mobility of the
charge carriers is solely limited by acoustic-phonon scattering.
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In agreement with our first-principles calculations, an n-type-
p-type transition was confirmed to set in near a critical
concentration x = 5.33, suggesting that this system follows
the Zintl-Klemm concept. The results revealed a complex
influence of Au on the thermal transport, which evolves from
crystallike behavior in the n-type samples to a glasslike one in
the p-type samples at high x values. Of the different mecha-
nisms which may play a role in this crossover, both a higher
degree of disorder and an enhanced phonon-charge carrier
coupling may be operating. The large electrical resistivity of
these samples appears as the limiting factor in achieving high
ZT values (the maximum Z T is ~0.10 at 300 K in the x = 5.59
sample). In order to improve the thermoelectric performance
at higher temperatures, one interesting possibility may be the
investigation of double-substituted clathrates Au-Ga. This may
not only lead to higher power factor but may also provide
further information as for the intriguing evolution of the lattice
thermal conductivity with the Au content. In this regard,
the BagAu,Siss_, phase offers an interesting experimental
window to get a deeper understanding of the correlations
between the crystal structure, the nature of the electrical
conduction, and the thermal transport in type-I clathrates.
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