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Thermoelectric materials allow for conversion of waste heat into electrical
energy, and they represent a green solution for improving our energy efficiency.
Inclusion of 4f electrons near the Fermi level may boost the Seebeck coefficient,
which is essential for high thermoelectric performance. In this study, Ce was
successfully substituted for Ba on the guest atom sites in the type-I clathrate
Bag_ ,Ce,Au,Siss, and the material was characterized using high-resolution
synchrotron powder X-ray diffraction data measured from 100 K to 1000 K to
investigate potential structural implications of the inclusion of a 4f element. The
thermal expansion and bonding of the host structure are not affected by the
presence of Ce, as seen from the linear coefficient of unit-cell thermal expansion
of 7.30 (8) x 107° K™' and the average host Debye temperature of 404 (7) K
determined from the multi-temperature atomic displacement parameters, both
of which are similar to values obtained for pure BagAu,Siys . The anisotropic
atomic displacement parameters on the guest atom site in the large clathrate
cage populated by Ba surprisingly reveals isotropic behavior, which is different
from all other clathrates reported in literature, and thus represents a unique
host-guest bonding situation.

1. Introduction

As the world’s energy consumption continues to increase, and
the environmental impacts of fossil fuels is amplified, it is
clearer than ever that we need to increase not only our
capacity for green energy production, but also the efficiency
with which we utilize energy. Thermoelectric materials can aid
in this process through their ability to interconvert heat and
electrical energy, which allow for harvesting of waste heat. The
properties required for efficient thermoelectric energy
conversion are reflected in the dimensionless figure of merit,
zT = SZJ(K_l)T, where S is the Seebeck coefficient, o the
electrical conductivity, T the absolute temperature, and « the
thermal conductivity which has contributions both from the
lattice (k;) and the charge carriers (k.). A high zT value means
an efficient thermoelectric material, but maximizing this is not
simple since S, ¢ and « are not independent, but related
through various materials characteristics such as the charge
carrier concentration.

One approach to realizing high z7 materials is finding
structures that decouple o and «, such that high electrical and
low thermal conductivity can be achieved simultaneously, a so-
called phonon glass-electron crystal (PGEC) (Slack, 1995).
Nolas et al. (1998) proposed Ge clathrates as potential ther-
moelectric materials due to their apparent PGEC nature, and
since then clathrates have been intensely investigated
(Christensen et al., 2010). Clathrates are host—guest structures
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where the host atoms sit in a tetrahedral framework forming a
network of face-sharing cages occupied by guest atoms. In the
type-1 clathrate structure, two different types of cages are
present, a larger 24-atom tetrakaidecahedral and a smaller 20-
atom dodecahedral cage. The structure can be viewed as a
body centered arrangement of the dodecahedra within a 3D
network of tetrakaidecahedral rods extending along the unit-
cell axes, formed by joining the tetrakaidecahedra by their
hexagonal faces. Type-I clathrates belong to cubic space group
Pm3n and their general formula is GgH,g, with G being guest
atoms and H the host atoms. Fig. 1 shows the general clathrate
structure along with a close-up of the two different host cages.

The host—guest structure is the reason clathrates can be
considered as PGEC materials. Originally it was believed that
the low « observed in clathrates was due to tunneling of
cations between different disordered sites inside the oversized
cages similar to the properties of glasses (Sales et al., 2001).
This view was supported by the lack of crystalline peaks in the
low-temperature k; of SrgGa;6Ges, and EugGa,4Geso but not
in BagGa;sGe;p, and coupled with the neutron diffraction
observation of large off-center disorder of the Eu** and Sr**
cations, but not of Ba>* (Sales et al.,2001). However, the cation
tunneling mechanism could not explain why n-type
BagGa;¢Gesp had a crystalline peak in k;, while the peak was
lacking in p-type BagGa;sGes (Bentien et al., 2004, 2006). The
two BagGa,sGesq systems differ only slightly in Ga content
and extensive single-crystal neutron and X-ray diffraction data
showed that the structures and especially the behavior of the
barium guest atoms are very similar (Christensen, Lock et al.,
2006). It was, however, recognized that the presence of loosely
bonded cations in oversized clathrate cages resembles an
independent (Einstein) oscillator with low-energy vibrational
modes of energies similar to the acoustic modes of the host
lattice (Sales et al., 1999). Resonant scattering of phonons by
the low-frequency guest atom ‘rattling’ modes was believed to
disrupt phonon propagation through the lattice and causing
low ki values (Sales et al., 1999).The energies of the Einstein
rattler modes can be estimated indirectly from analysis of
multi-temperature atomic displacement parameters (ADPs)
obtained from diffraction measurements or from modeling of
heat capacity data (Bentien et al., 2005). Direct evidence for
the Einstein-like modes was given by Raman and inelastic
neutron scattering data (Takasu et al., 2006; Christensen,
Juranyi & Iversen, 2006; Prokofiev et al., 2013). However, the

Figure 1

Visualization of the clathrate structure showing (@) the unit cell and (b) a
closer look at the dodecahedral (green) and tetrakaidecahedral (red)
cages. The atoms are colored according to their Wyckoff position.

existence of independent Einstein vibrational modes
somehow contradicts the notion that the vibrations interact
with the host lattice modes, and the detailed mechanism
needed further elaboration. This was achieved by measure-
ment of the phonon dispersion of BagGa;sGesq by single
crystal inelastic neutron scattering, which revealed avoided
crossing between the optical and acoustic branches in the
phonon dispersion resulting in flattening of the acoustic
branches and a lowering of «; (Christensen et al., 2008). The
guest rattling does not appear to have a profound effect on the
electronic structure, as the electron mobility remains relatively
high even when heat conduction is heavily suppressed (Cohn
et al., 1999). Lowering of the thermal conductivity with unaf-
fected electrical conductivity is a signature of a PGEC mate-
rial.

The decoupling of o and « facilitates independent optimi-
zation of the thermoelectric power factor ($%0), which largely
depends on the chemical bonding and the ensuing electronic
band structure. The chemical bonding in clathrate structures
can to a first approximation be understood in terms of the
Zintl concept where a closed valence shell is achieved in the
anionic covalent network through formal charge-transfer from
the cation (Nesper, 2014; Shevelkov & Kovnir, 2010; Paschen
et al., 2003; Christensen et al., 2010). In other words, the guest
ions donate their valence electrons to the host atoms, which in
turn form the tetrahedral covalent network that is the cage
structure. This requires four electrons for every host atom and
thus defines a guideline for understanding the stoichiometry of
these compounds; with 46 host atoms per unit cell there are a
total of 184 valence electrons required to form the tetrahedral
bonding network of the host structure. This valence electron
counting rule controls the stoichiometry when the constituent
elements all have different valence. Detailed chemical
bonding analysis using the quantum theory of atoms in
molecules has shown that the simple Zintl model is actually a
quite accurate description of the chemical bonding (Gatti et
al., 2003).

The incorporation of lanthanide guest atoms with 4f elec-
trons has been envisioned as a way to engineer the electronic
structure of clathrates (Bentien et al., 2003). The idea was that
the 4f electronic energy levels are placed close to the Fermi
level, and this could give a peak in the density of state boosting
the Seebeck coefficient. Prokofiev et al. (2013) showed that
incorporation of Ce guest atoms in the clathrate cages led to
an enhancement of the Seebeck coefficient by as much as 50%
in comparison to a Ce-free reference with the same charge
carrier concentration, and even at elevated temperatures.
BagAu,Siss_, (BAS) was used as the model system for Ce
incorporation due to its stability over a wide composition
range of 4 <x < 6 (Aydemir et al., 2011; Zeiringer et al., 2011).

The BAS system itself has been studied for thermoelectric
applications, in part due to this large compositional range
which encompasses both an electron-rich (n-type) and an
electron-deficient (p-type) host structure. Assuming mono-
valent Au, the valence electron counting results in Zintl
balance at an Au content of x = 5.33 predicting a transition
from n- to p-type conduction as x crosses this value. Theore-
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tical calculations corroborate the reduction in electron density
at the Fermi level with substitution of Au in the Si host
framework (Tse et al., 2005). The transition from metallic-like
to p-type semiconducting behavior has been confirmed at
x =5.43 using thermopower and Hall measurements
(Aydemir et al., 2011; Candolfi et al., 2012). This dependence
of the electronic properties on the composition has been
exploited to make compositionally graded single crystals of
BAS that can produce a voltage upon heating, even in the
absence of a temperature gradient (Osakabe et al, 2018;
Yamasoto et al., 2016). Stoichiometric control is not trivial in
this system, however, and as-grown crystals often deviate from
the nominal composition (Aydemir et al., 2011; Candolfi et al.,
2012; Munetoh et al., 2014; Saisho et al., 2012; Jaussaud et al.,
2005). Au-rich impurities were observed at grain boundaries in
arc-melted samples resulting in an Au-deficient clathrate
phase compared to the nominal composition but subsequent
annealing did prove effective in incorporating some of the Au
from the impurities into the clathrate phase (Saisho et al,
2012).

The study by Prokofiev et al. (2013) presented extensive
transport properties, resulting in a rattling-enhanced Kondo
interaction as the proposed mechanism underlying the
enhancement of the thermopower caused by the presence of
Ce on the guest sites. However, the structural analysis was
somewhat crude and did not include the temperature depen-
dence of the crystal structure. Since the specific nature of the
host-guest chemical bonding determines the potential in
which the guest atoms vibrate, it is clearly of interest to
investigate whether the special 4f-hybridization leads to
anomalies in the vibrational properties. Here we present a
structural study of Bas .Ce.Au,Sis, (BCAS) using multi-
temperature high-resolution synchrotron powder X-ray
diffraction (PXRD) to further understand this unique mate-
rial.

2. Experimental
2.1. Synthesis

A two-step arc melting procedure was used to synthesize
the clathrate to achieve better control of the clathrate stoi-
chiometry and potentially decrease impurities. Arc melting
was conducted in a Compact Arc Melter MAM-1 from
Edmund Biihler GmbH inside a glove box, allowing for the
samples to be handled entirely under an argon atmosphere in
order to prevent formation of oxide impurities. In the first step
BaSi, and CeSi, were prepared by arc melting stoichiometric
amounts of pure elements (Si: 99.999+ % metals basis, Alfa
Aesar, Ba: >99% trace metals basis, Sigma Aldrich, Ce: 99.9%
trace rare earth metals basis, Sigma Aldrich) under argon
atmosphere, capturing the more volatile Ba and Ce in these
stable silicides. Then, in the second step, these were mixed
with Si and Au (99.9%) according to the nominal composition
BasCe,AugSiyg, and arc-melted to yield the final product. In
both cases the chamber was under argon atmosphere and the
sample was flipped and arc-melted multiple times to ensure

complete reaction and a homogeneous product. The resulting
ingot was then manually ground to a fine powder using an
agate mortar and pestle under argon atmosphere.

2.2. Synchrotron powder X-ray diffraction

PXRD data were collected at the BL44B2 beamline,
SPring-8, Japan, in Debye-Scherrer geometry with an image
plate detector. The incident X-ray energy was calibrated every
24 h using PXRD patterns measured on a NIST CeO, stan-
dard sample with a = 5.411651 (6) A, giving wavelengths of
0.49980 (2) A and 0.49994 (1) A for the low- and high-
temperature measurements, respectively.

To obtain homogeneous particle sizes, important for
measuring high-quality powder diffraction data, the powder
sample was suspended in ethanol, mixed thoroughly, and left
for sedimentation for five minutes. The supernatant containing
only the smaller, non-sedimented particles was moved to
another vial, mixed and again left to sediment for another five
minutes. The supernatant was then moved to a final vial and
the ethanol evaporated, leaving behind a fine powder of
homogeneous particles. The powder was packed in 0.2 mm
capillaries: glass for low-temperature (LT) and quartz for
high-temperature (HT) measurements.

A N, gas flow system was used for cooling/heating the
samples during measurements. A temperature calibration was
conducted from 100 to 1000 K in 100 K increments by
inserting a thermocouple at the sample position and recording
the temperature 10 min after the system had reached its set
point, to ensure complete thermal equilibration in the system
and avoid any ‘overshoot’ effects from the PID controller. The
LT setup (100-300 K) used a 0.5 mm X 3 mm collimator, while
a 0.5 mm x 1 mm collimator was necessary for the HT setup
(300-1000 K). Measurements were performed in 100 K
increments in the interval 100-1000 K.

2.3. Rietveld refinements

Rietveld refinements were conducted using the FullProf
program (Rodriguez-Carvajal, 1993). The background was
modeled using selected points with refinable heights and the
peak shape was a Thompson-Cox—Hastings pseudo-Voight
function corrected for axial divergence asymmetry. An
instrumental resolution function based on refined half-width
parameters of the NIST CeO, standard was employed, and an
absorption correction applied with ur = 1.30 calculated from
the nominal stoichiometry, a wavelength of 0.5 A a capillary
radius of 0.1 mm, and a packing fraction of 0.6 using Argonne
National Laboratories (2021) X-ray absorption calculator. A
range of 40x the full width at half-maximum was included for
the calculation of the profile of individual Bragg reflections.

The following parameters were included in the refinements:
scale factor, background points, zero-point correction, the
Lorentzian half-width parameter X, and the asymmetry
correction parameters asyl and asy2 up to a limit of 40° 26, the
unit-cell parameter, the 16/ atomic position (x,x,x), the 24k
atomic position (0,y,z), isotropic ADPs for all but the 6d guest
site, which was modeled anisotropically, and finally the occu-
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pancies of Au and Si on the host sites assuming full occupancy
on each site. The refined values are given in Table S1 the
supporting information.

Two minor impurity phases were identified from the
diffraction pattern, pure Si and CeAu,Si,, and these were
included in the refinement giving a combined weight fraction
of roughly 15% throughout the temperature series. The origin
of minute impurity peaks at 20 = 8.001°, 9.065°, 12.109°,
13.605°, 18.261°, 10.290°, 12.970° and 26.688° could not be
found.

2.4. Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) data was
measured on a Thermo Scientific Talos F200X S/TEM to show
the presence of Ce within the clathrate structure. A powdered
sample was suspended in ethanol and sonicated to ensure
homogeneous dispersion of the particles. The mixture was
then deposited on the S/TEM sample holder carbon grids and
left for the ethanol to evaporate leaving behind an even
dispersion of particles. X-ray collection was performed for
approximately 20 min for each of the examined particles.

3. Results and discussion
3.1. Structural models

The host atoms are on the 6¢, 16i and 24k Wyckoff sites,
while the guest atoms are on 2a and 6d at the centers of the
dodecahedral and tetrakaidecahedral cages, respectively.
Different structural models were tested for the distribution of
atoms among the different sites, and in all cases each atomic
site was assumed to be fully occupied.

Transition metals have generally been observed to order on
the 6¢ site in the host structure (Johnsen et al., 2006, 2007,
Baitinger et al, 2020; Herrmann et al., 1999) and Au was
confined to this position in the initial model used here, with Si
being present on all sites. From refining the relative Au/Si
occupancy on 6c, the site was found to be preferentially
occupied by Au: occay,(6c)/ocegi(6¢c) = 5.9 (1). This model
resulted in negative values for the ADP at 24k, hinting at a
lack of scattering power on this site in the model. Au was then
added also to the 24k site and the relative Au/Si occupancy
refined. This resulted in a significantly better fit and reason-
able ADPs, despite the refined amount of Au on the site being
only around 1%: occa,(24k)/ occsi(24k) = 0.012 (1). Adding
Au to the 16i site resulted in even lower Au occupancy than for
24k without improving the fit and as a result was not included
in the final model.

Thus, the Au atoms are predominantly ordered on the 6¢
site, with a small degree of distribution across the 24k
sublattice, in agreement with previous results in the literature
for the BAS/BCAS system (Aydemir et al., 2011; Jaussaud et
al., 2005; Prokofiev et al, 2013). A similar pattern is seen in
boron silicon clathrates where there is a minor substitution of
boron on the 24k site, although in this system it is the 16 and
not the 6¢ site that functions as the majority substitution site
(Hiibner, Jung, Kozelj et al., 2021; Hiibner, Jung, Schmidt et al.,

2021; Jung et al., 2021). The 6c¢ site is unique to the extent that
it is the only host site with no direct bonds to its symmetry
equivalent positions, whereas direct 24k—24k and 16i—16i
bonds are present in the framework structure. Thus, the
propensity for Au to substitute on the 6¢ site could indicate
that Au— Au bonds are relatively unfavorable which thereby
dictates how Au is incorporated into the host structure.

The preference for Au substitution of the 24k site over 16i
can be rationalized from the difference in bonding geometry
of the two. The 16i bonding geometry approaches the ideal
tetrahedral angle of 109.47° [16i—16i—24k angle of 108.7 (1)°
and 24k —16i—24k angle of 110.16 (8)°], whereas 24k shows
significant deviation from this [6c—24k—24k angle of
124.23 (5)°, 16i —24k —24k angle of 106.71 (7)°, 16i —24k—16i
angle of 106.0 (1)° and 6¢—24k —16i angle of 105.98 (7)°]. The
sp” hybridization of Si means that its bonding is much more
compatible with the geometry of the 16i site, making it ener-
getically favorable for Si to occupy this site, which conversely
leads to preferential occupation of Au on the 24k site
compared with 16i.

For the guest site, the low X-ray scattering contrast between
Ba and Ce means that substituting one for the other does not
significantly impact the refinement residuals. Consequently,
refining the relative Ba/Ce occupancies on the guest sites is
not a reliable way of determining the Ce content. Instead, the
clathrate was assumed to be an ideal Zintl phase, such that the
stoichiometry is determined from the 184 valence electron
counting rule giving the refined host structure composition. It
was assumed that each Ba and Ce atom contribute two and
three electrons to the host structure, respectively (Ba>* and
Ce’"), and that Au was monovalent. Thus, in order for charge
balance to be satisfied, the following relation between the Ce
and Au content must hold: Ce = 16 — 3 x Au

The calculated amount of Ce was initially introduced in the
small cage on the 2a site in accordance with Prokofiev et al.
(Prokofiev et al., 2013) as well as the simple chemical intuition
that the smaller Ce*’ ion (1.15 A ionic radius versus 1.49 A for
Ba®") would preferentially enter the small cage. Adding Ce to
the 6d site and refining the relative amount in each cage
resulted in only a very small fraction of Ce on 6d in the large
cage, without any noticeable improvement in the model.
Accordingly, Ce was solely confined to the 2a in the small cage.
The refinement of the occupancies as described above was
performed for the 100 K dataset and resulted in the compo-
sition Ba; 74 9)Ceo.26 (9)AUs 42 (3)S140.58 (3)- This composition was
then fixed in the subsequent refinements of the data measured
at other temperatures, as there was no evidence of any
decomposition of the clathrate within the measured
temperature range. Fig. 2 shows the refined powder diffraction
pattern along with a visual representation of the refined
occupancies and ADPs.

3.2. Unit-cell parameter

The unit-cell parameter is plotted as a function of
temperature in Fig. 3(a). The thermal expansions obtained
from the low-temperature and high-temperature data are very
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similar (slope of the curve), but there is clearly an offset
between the data [Fig. 3(a), inset]. The main differences
between the data collected at LT and HT are the type of
capillary (glass versus quartz) and size of collimator (0.5 mm
X 3 mm versus 0.5 mm x 1 mm). In order to correct for this
systematic deviation, the wavelength was altered slightly for
the LT data such that the unit-cell parameter at 300 K
matched that of the 300 K HT data (from 0.49980 A to
0.50002 A).

The coefficient of linear thermal expansion «, as deter-
mined from the slope, was found to be 7.30 (8) x 107°® K™,
This matches the value given by Falmbigl et al. (2010) for
BagAusSiy,, based on unit-cell parameters measured at 150 K
and 300 K by Zeiringer (2010). A general trend appears from
the data presented by Falmbigl ef al. (2010) for Ba containing
Si based clathrates, with « ranging 6.96-16.2 x 10~° K", Thus,
clathrates substituted with heavier noble metals, such as Pt
and Au, exhibit lower «, in accordance with the low value
observed for the BCAS (Falmbigl et al., 2010). The substitu-
tion of Ce for Au in the small cage does not seem to signifi-
cantly affect the thermal expansion of the host lattice.

The unit-cell parameter observed at room temperature in
the present study can be compared with values of BAS and
BCAS found in literature as a function of the amount of Au in
the structure, Fig. 3(b). For lower Au content the unit cell
increases approximately linearly with the amount of Au, with a
slight stabilization relative to this trend observed above five
Au per formula unit. This may be related to the fact that it is
around this amount where Au starts appearing on the 24k
sublattice, while for lower Au content it appears to be ordered
solely on the 6c site (Aydemir et al., 2011).

Substitution of Ba for Ce (BCAS versus BAS) results in a
significant decrease in the unit-cell parameter similar to the
observation of Prokofiev et al. (2013). This matches the
expectation that the unit-cell contracts slightly with the
introduction of a smaller guest atom. The degree of unit-cell
contraction observed here is significantly smaller than

Rup = 10.6 % Dsta

il o o
R =1.44%

— Difference

| Reflections (-] o

Intensity (a.u.)
IS

Figure 2

(a) PXRD pattern measured at 100 K (red dots) along with the refined
model (black line) and the difference plot (blue line). The indexed peaks
(green bars) are given in order from the top: BCAS, CeAu,Si, and Si. A
few minute impurity phase reflections (20 = 8.001°, 9.065°, 12.109°,
13.605°, 18.261°, 10.290°, 12.970°, 26.688°) have not yet been described.
(b) The final refined model showing the distribution of elements on the
different sites. The thermal ellipsoids are drawn at the 99% probability at
1000 K for the sake of visibility. In the anisotropic model, the 6¢ site
shows a slight anisotropy with preference for vibration in the plane of the
tetrakaidecahedra (parallel to the hexagonal faces).

observed by Prokofiev er al. (2013) in agreement with the
smaller Ce content determined here.

The BCAS unit-cell parameter determined by Kawaguchi et
al. (2000) fits the trend observed for pure BAS. In that study
the sample is assumed to be phase-pure clathrate with the
nominal composition BagCe,AusSiyg from the synthesis, but
impurity phases are clearly present in the PXRD data
although not discussed. This nominal composition with high
Ce content is very unlikely to be based on unit-cell reduction
observed in BCAS here and by Prokofiev et al. (2013), and in
these two studies the amount of Ce in the structure is signif-
icantly lower than the nominal composition. Taken together
with the presence Ce-rich impurity phases, there is clear
evidence that Ce incorporation in the clathrate structure is not
straightforward. The similarity between the unit-cell para-
meter of Kawaguchi et al. and those of other BAS clathrates
suggests that very little, if any, Ce is incorporated in their
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Figure 3

(a) Unit-cell parameter as a function of temperature along with a linear fit
and the coefficient of linear thermal expansion determined from its slope;
inset shows the systematic deviation between the LT and HT data before
the wavelength was adjusted for the LT data. (b) Comparison of unit-cell
parameter at room temperature for various BCAS (triangles) and BAS
(circles) samples as a function of Au content.
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clathrate structure. The host structure responds to the nature
of the guest atom and the unit-cell parameter provides a
sensitive probe for the structural composition.

A strong point of powder diffraction is the division of
scattering from different crystalline phases into separate sets
of (overlapping) Bragg peaks. The present Rietveld refine-
ment also models the two impurity phases of Ce Au,Si, and Si.
In the supporting information the refined parameters are
listed and plotted for the impurity phases. For CeAu,Si, the
linear thermal expansion coefficients are 13.6 (2) x 107 °K™*
and 5.1 (1) x 107° K" for the a-axis and c-axis, respectively,
while it is estimated to be 2.71 (4) x 107°K™! for Si.

3.3. Confirmation of Ce in the clathrate structure

The decrease in unit-cell parameter of our clathrate is only
indirect evidence of the presence of Ce in the clathrate
structure. Scanning transmission electron microscopy—energy-
dispersive X-ray spectroscopy (STEM-EDX) was used as a
secondary method of verification for the presence of Ce in the
clathrate structure. Fig. 4 shows the elemental mapping of two
particles, from which it is clear that all elements are dispersed
evenly throughout, and that there is no agglomeration of Ce in
small impurity regions.

Results of the elemental quantification from the STEM-
EDX data is shown in Table 1. Comparison of the obtained
values match the expected values for the refined composition
reasonably well. Considering the detected Ce amounts, it
appears that the quantity in the structure may be higher than
the value obtained from the host composition by assuming an
ideal Zintl phase. This assumption is also quite naive, espe-
cially when looking at the wide composition range of
BagAu,Siy , (3.63 <x <6.1) (Aydemir et al., 2011), which
shows that many compositions outside the ideal Zintl
composition of x = 5.33 are possible for this compound. The
refined wt% of BCAS was on the order of 85% which, toge-
ther with the reasonable match in chemical composition from
STEM-EDX, makes it very unlikely that the particles are
composed of anything other than BCAS (except for the small

Figure 4

EDX images showing the elemental distribution of Ba (blue), Si (red), Ce
(cyan) and Au (green) in two clathrate particles. The elements are
dispersed evenly throughout both particles, except for a small Si
protrusion on the second particle (yellow circle), showing that Ce has
been incorporated into the clathrate structure.

Table 1
Relative elemental quantification of the STEM-EDX data along with the
expected at.% from the refined BCAS composition for comparison.

Ba Ce Au Si

(at.%) (at.%) (at.%) (at.%)
Particle 1 15 (5) 1.3 (4) 12 (4) 70.8 (5)
Particle 2 14 (4) 2.1 (6) 11 (3) 72.8 (6)
Ba; 74 9)Ce26 (0)AUs 42 (3)Sis058 3y 143 (2) 048(2) 10.03(6) 75.15(6)

Si protrusion highlighted for the second particle). Thus, we
conclude that Ce indeed has been successfully incorporated
into the clathrate structure.

3.4. ADP modeling

3.4.1. Host atoms. The host atoms can be described as
Debye oscillators which, under the assumption of a monoa-
tomic cubic unit cell and spherical Brillouin zone, gives the
temperature dependence of the isotropic mean square
displacement Uy, as (Willis & Pryor, 1975; Bentien et al., 2005)

5 Op/T
3T | T ®
Uim:—z N / de"‘_]) +d2

Y mkg®p | Op expx — 1 AT

0

Here, m is the mass of the atom, kg Boltzmann’s constant, 7 is
the reduced Planck constant, d? is a constant added to account
for any temperature-independent disorder, and ®p is the
Debye temperature. Despite the simplicity of this model and
its rather severe approximations, ®p is a useful materials
characteristic which is related to the hardness of, and thus the
speed of sound in, the material. The Debye temperature
allows us to probe the effects of varying composition on the
chemical bonding. Fits of the Debye model to the ADPs of the
three host sublattices are shown in Fig. 5(a), and the average
Debye temperature of the host framework is compared with
various BAS compositions from Aydemir et al. (2011) in
Table 2.

Similar to the unit-cell parameter, there is a minor discre-
pancy in the temperature dependence of the ADPs deter-
mined for the LT and HT data. Furthermore, a slight wavelike
behavior is seen in the Uy, values, which is most pronounced
for 24k, but the deviation from the linear trend is minor.
Modeling of the average host Uy, yields a ®p of 404 (7) K, in
approximate agreement with the value of 390 K obtained by
Aydemir et al. (2011) for a BAS sample with the same host
composition corroborating the refined host composition. The
inclusion of Ce in the small cage appears to have little effect
on host structure bonding as monitored in the host structure
ADPs. This is in contrast to the unit-cell parameter, which
show a significant effect upon Ce inclusion, Fig. 3(b).

There is a significant difference between the Debye
temperatures for the three individual host sites, as seen in
Fig. 5(a), where 6¢ [214 (4) K] is significantly lower than 16i
[559 (17) K] and 24k [481 (13) K]. The difference is likely due
to the difference in chemical species on each of the sites: 6¢ is
mostly occupied by Au, 24k has a small fraction of Au, while
16i exclusively is Si. Comparing the two elements, the noble
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Table 2
Debye and Einstein temperatures for BCAS along with values for
different BAS composition as determined by Aydemir et al. (2011).

Op Ok jso(2a) Og.11(6d) Op »(6d)

Composition (K) (K) (K) (K)
Ba; 56Ce034AUs 43813057 404 (7) 128 (2) 98 (2) 91 (2)
BagAuy 1Si41.00 4121 /1 358% - 10% 79%
BagAuy, g5Sisg 15 418+ // 353% - 94% 78%
BagAus 10Si40.90 404+ - - -
BagAus 14Si40.86 407+ - - -
BagAus 43814057 390t - - -
BagAus 59Sis0 41 371 /] 343% - 84% 76%
BagAus 76S140.24 3621 - - -
BagAug 19Siz9.90 335+ /1 3268 — 95% 73%

+ From Fermi-liquid fit to C, data. 1 From modeling of lattice specific heat.

metal nature of Au makes its bonds significantly weaker than
Si, corresponding to softer vibrations and a lower ®p, in
agreement with the trend observed here. The relatively large

| 6¢C
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(a) The mean isotropic displacement as a function of temperature for the
three host sites, along with the fitted Debye model and resulting ©p, for
each host structure site. The trend of Op(16i) > Op(24k) > Op(6¢) agrees
with preferential occupation of 6¢ by Au and small amount on 24k. (b)
The different bond lengths in the host structure as a function of
temperature.

difference in ®p for 16i and 24k supports the partial substi-
tution of Au on the 24k sublattice and its absence from the 16i
site.

The individual bond lengths in the host structure, shown in
Fig. 5(b), mostly behave as expected with a few exceptions.
The main surprising feature is the stagnation, or even slight
decrease, in the 6¢—24k bond length in the range from 300 K
to 800 K but no explanation for this behavior has been iden-
tified yet. The great drop at 1000 K for the 24k-24k distance
mirrors the deviation of the 1000 K data in other parameters,
e.g. thermal parameters and bond lengths in Fig. 6, and is likely
due to degradation of data quality as is expected for these high
temperatures. The anomalous behavior of the 16i-16i distance
at low temperature is reminiscent of the incongruity between
the low- and high-temperature data, indicating that the effect
was not entirely corrected with the change in wavelength.

3.4.2. Guest atoms. The guest atoms can be modeled as
Einstein oscillators, where interactions with the framework

0.05 7
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& Uuled) ey
& Uso(2a) ] =
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(a) The guest atom ADPs as a function of temperature along with the
fitted Einstein models and corresponding Einstein temperatures. (b)
Average distance from 6d to the in- and out-of-plane atoms of the large
tetrakaidecahedral cage. Here the out-of-plane atoms are defined as the
eight 24k and four 6¢ atoms that comprise the two hexagonal faces, and
the in-plane atoms the four 24k and eight 16; atoms that ‘zigzag’ around
the equatorial plane of the cage (see Figs. 2 and 7).
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Table 3

Comparison of the in- and out-of-plane behavior of the 6d site for different clathrate compounds, as seen from the difference in anisotropic ADPs at

room temperature and/or the difference in the Einstein temperatures.

The type of data used is given (PX = powder X-ray diffraction, SX = single-crystal X-ray diffraction, SN = single-crystal neutron diffraction, and C,, = specific heat).
The isotropy values are calculated as the ratios U;;/U,; and ®Of ,,/®g 11, such that a value of unity corresponds to perfect isotropy and lower values correspond to
greater anisotropy. AM = arc melting, OFZ = optical floating zone, SnB = shake 'n bake, Br = Bridgman, Czo = Czochralski pulling, IF = induction furnace, SS =

solid state.

Isotropy

Data Un ) Uxn ) O 11 Ok
Composition type  (x107*A?%) (x107* A% (K) (K) U, cH Synthesis
Rare earth clathrates
Bay 74 9)Ce0.26 (9)AUs 42 (3)5140.58 (3) PX 183 (13) 205 (7) 100 (2)  95(2) 0.89 (7) 0.95 (3) AM
Bag.o1 (17)Ce1.06 (12)AUs 75 (25)S1402 43) (Prokofiev et al, 2013)  SX 104 (2) 189 (1) - - 0.55 (1) - OFZ
Eu,BagCu,Siy, (Mudryk et al., 2002) SX 200 (3) 331 (3) - - 0.60 (1) - SnB
Eu,BasAlsSiz (Mudryk et al., 2002) SX 163 (3) 242 (2) - - 0.67 (1) - SnB
BagAu, IVay,_,
BagAuy 10Sis1.90 (Aydemir et al., 2011) C, - - 101 79 - 0.78 IF
BagAu, gsSis 15 (Aydemir et al., 2011) C, - - 94 78 - 0.83 IF
BagAus 59Sis041 (Aydemir et al., 2011) C, - - 84 76 - 0.90 IF
BagAug 10Si30.90 (Aydemir et al., 2011) C, - - 95 73 - 0.77 IF
BagAus 43814057 (Jaussaud et al., 2005) SX 163 (4) 250 (3) - - 0.65 (1) - IF
BagAus goSis 11 (Jaussaud et al., 2005) SX 130 (2) 204 (2) - - 0.64 (1) - IF
BagAugSiy, (Cordier & Woll, 1991) SX 218 (19) 299 (13) - - 0.73 (7) - SnB
BagAusGey (Cordier & Woll, 1991) SX 248 (28) 438 (23) - - 0.56 (7) - SnB
BagAus 3Geyo ;7 (Zhang et al., 2011) SX 182 (11) 319 (11) - - 0.57 (4) - Br
BagTM, IVay,_,
BagZn,Si3y (Nasir et al., 2009) SX 150 (1) 307 (1) 99 80 0.489 (4)  0.81 SnB
BagNigGey, (Christensen et al., 2009) SX 221 (3) 531 (3) 85(2) 75 (2) 0.416 (6)  0.88(3) SnB
BagCusGey (Christensen et al., 2009) SX 237 (4) 414 (4) 82 (2) 63.1(8) 0.57(1) 0.77 (10)  SnB
BagZnyGess (Christensen et al., 2009) SX 191 (3) 441 (3) 84 (1) 60.0(3) 0433(7) 0.71(4) SnB
BagCus ¢Geyp; (Johnsen et al., 2006) PX 182 (7) 376 (5) 92 (2) 643 (4) 048(2) 0.70 (2) SnB
BagNisGey, (Johnsen et al., 2007) PX 171 (5) 463 (5) 95 (1) 79 (1) 0.37 (1) 0.83 (1) SnB
BagZn;,Gesg 3 (Melnychenko-Koblyuk et al., 2007) SX 202 (3) 580 (3) 85 64 0348 (5) 0.75 SnB
BagM,IVay
BagAl;6Siso (Christensen, 2006) SX - - 92 (1) 68 (1) - 0.74 (1) Flux
BagAl;6Si3o (Christensen, 2006) SX - - 100 (2) 74(1) - 0.74 (2) SnB
BagAl;6Ges, (Christensen & Iversen, 2007) SX - - 85 (1) 61 (1) - 0.72 (1) Czo
BagAl;Geso (Christensen & Iversen, 2007) SX - - 81 (1) 64 (1) - 0.79 (1) SnB
BagAl;sGes, (Christensen & Iversen, 2007) SX - - 85 (1) 69 (1) - 0.81 (1) Flux
BagGa;6Siso (Bentien et al., 2005) PX 138 (6) 319 (4) 101 77 043 (2) 0.76 SS
BagGa;6Siz, (Bentien et al., 2005) SN 119 (7) 339 (6) 98 69 0.35(2) 0.70 Flux
BagGa;sGes (Bentien et al., 2005) PX 175 (5) 448 (4) 101 73 0.39 (1) 0.72 SS

atoms are neglected and the resulting phonon dispersion is
flat. The temperature dependence of the elements of the
atomic displacement tensor U can be described as (Bentien et
al., 2005)

7 O ;
UAT) = ———coth -2 ) + &2,
i(T) 2O, <2T )+

where O ; is the Einstein temperature of the corresponding
tensor element, Uy, and d* again is used to account for any
temperature-independent disorder. 2a was modeled with an
isotropic thermal parameter, while anisotropy was included
for 6d, where site symmetry gives that U;; # U,, = U;;, with
the off-diagonal elements being zero. Fig. 6(a) shows the
ADPs as a function of temperature, along with the fitted
Einstein model. The smaller cage surrounding the 2a site,
which has partial occupancy of the slightly heavier Ce atom,
has harder normal modes with smaller vibrational amplitudes
as compared to the thermal vibrations of the 6d atoms.

The 6d site is occupied by Ba atoms, and in type-I clathrates
the ADPs of this site typically show anisotropy with disorder
and much larger displacement in the equatorial plane of the
cage parallel to the hexagonal faces (U,, = Us3) than the out of
plane motion towards the hexagonal faces (U;;) (Bentien et
al., 2005), see Table 3. The present BCAS clathrate shows a

O O ws.szA w

° 387A o Q
° oo Qo % o og 4.02A o
368 A
(@) (b) (©

Figure 7

A closer look at the 6d site anisotropy and its relation to the three host
sites: (a) 6c, (b) 16i and (c) 24k. Bond distances given are at room
temperature.
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very unusual behavior since the Ba(6d) atomic displacement is
almost isotropic [U,,/U,, = 0.89 (7) at 300 K]. This can be due
to the strong preference for Au being placed on the 6c¢ site,
where the presumed weaker bonding with Ba gives a relative
increase in the out-of-plane motion compared with the harder
interaction in the equatorial plane between Ba and Si, see
Fig. 7. Such behavior has not previously been reported since
the structural modeling of BAS samples in the literature used
isotropic ADPs.

In BAS samples the Einstein temperatures fitted along the
two directions in the large cage typically show a difference of
20-30 K, which is a relatively small anisotropy compared with
values of the ADPs. When comparing Einstein temperatures
for various type-I clathrates containing Ba guest atoms the
isotropy (®x/®y;) is typically around 0.7-0.8 compared with
an ADP isotropy (U,1/U,;) of 0.4-0.5, as seen in Table 3. This
different behavior of the isotropy of ADPs and Einstein
temperatures possibly reflect their different origin. The ADPs
monitor the chemical bonding environment at a specific
temperature, whereas the Einstein temperatures reflect how
the ADPs change with temperature. It is noteworthy that for
BCAS the two Einstein temperatures are almost identical
[100 (2) K and 95(2) K] with an isotropy of 0.95(3),
comparable to the ADP isotropy.

Fig. 6(b) depicts the in- and out-of-plane radii of the
tetrakaidecahedral cage as a function of temperature, with the
radii being calculated as the mean distance to the in- (the four
24k and eight 16/ atoms that do not comprise the hexagonal
faces) and out-of-plane (the four 6¢ and eight 24k atoms
comprising the hexagonal faces). The increase in these cage
radii with temperature is essentially linear and with similar
expansion rate, except for a deviation for the 1000 K data
similar to Figs. 5 and 6(a). Assuming that the temperature
dependence of the ADPs is governed by guest—host interac-
tion, the approximately uniform expansion of the cage does
support the similar Einstein temperatures for the in- and out-
of-plane thermal vibrations.

The present FEinstein temperature isotropy is unusual.
Aydemir et al. (2011) looked at the dependence of different
structural and physical properties of BagAu,Siys_, as a function
of x. A transition from metallic-like to degenerate semi-
conductor behavior was observed around x = 543 as the
system changes from n-type to p-type conduction, which is
exceedingly close to the refined Au content found in this study.
It is also around this value of x that the unit-cell parameter
stabilizes and becomes quasi-constant, while ®p is quasi-
constant below this value and starts to decrease as x increases
above 5.43. O likewise shows a dependence on x, where it
appears to reach a minimum around x = 5.43, whereas O, is
largely unaffected by the value of x. This results in a minimum
in the anisotropy of the thermal motion of the 6d guest atom
around an Au content of 5.43 per unit cell (the Zintl stoi-
chiometry). However, it must be stressed that the isotropy of
the present BCAS sample is much higher than for any of the
BAS clathrates studied by Aydemir et al. (2011). The isotro-
pies of U,, and ®g for the present BCAS sample are also
significantly higher than for the BCAS clathrate reported by

Prokofiev et al. (2013) (see Table 3). They determined an Au
content of x = 5.75 compared with 5.42 (3) found here, which
corroborates the observation by Aydemir et al. (2011) of
minimal anisotropy close to the Zintl stoichiometry of x = 5.43.

4. Conclusion

Bay 74 9)Ceo26 (9)AUs 42 (3514058 (3) clathrate was successfully
grown using a two-step arc melting procedure and structural
characterizations was carried out using multi-temperature
high-resolution synchrotron PXRD from 100 to 1000 K. The
stoichiometry was determined as based on refinement of the
host structure composition and valence electron counting
assuming an ideal Zintl phase. Incorporation of Ce in the
structure was confirmed from with STEM-EDX along with the
clear contraction in unit-cell parameter relative to pure BAS
with similar Au content. From the temperature evolution of
the unit-cell parameter, it was found that o = 7.30 (8) x
10° K™, a value that matches that of pure BAS reported by
Falmbigl et al. (2010). Accordingly, it does not appear that
inclusion of Ce on the guest site affects the thermal expansion
of the host structure. Au was found to mainly occupy the 6¢
site with a very minor amount on the 24k site and none on the
16i site, a trend that was corroborated from Debye modeling
of the individual site ADPs where ©Op(16i)) > ©Op(24k) >
®p(6¢). Refinement of anisotropic ADPs on the 6d guest site
showed very little difference in the in-plane (U, = Us3) and
out-of-plane motion (U,;) with U,;/Uy, = 0.89 (7) which is far
more isotropic than that of other type-I clathrates in literature
where ratio often falls below 0.5. Einstein modeling of the
temperature dependence of the guest ADPs resulted in similar
isotropy of the 6d site, ®g /O, = 0.95 (3). The present
Rietveld refinement also models two impurity phases of
CeAu,Si, and Si, and linear thermal expansion coefficients are
for found to be 13.6 (2) x 107 ° K" and 5.1 (1) x 10 * K™ for
the a-axis and c-axis of CeAu,Si,, respectively, while it is
2.71 (4) x 107° K" for Si.
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