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The first arsenic-based clathrate exhibiting superstructural ordering
due to optimization of Au—As, As—As, and Ba—Au bonding is
reported. BagAu;¢Aszo crystallizes in a unique P2;/c monoclinic
clathrate structure. The synthesis, crystal and electronic structure,
and transport properties are discussed.

Clathrates have ““‘guest atoms” that reside in cages and “‘frame-
work” atoms that compose the cages. Type I clathrates are an
expansive group of compounds typically crystallizing in the
Pm3n space group with a framework composed of tetrel ele-
ments, Si, Ge, or Sn."” As the type I clathrate has expanded into
the regime of late transition metals and pnictogens forming the
framework, there has been evidence of different superstructural
orderings in selected compounds.®> Most notably, BagCuyePs0
crystallizes in Phcn with a primitive cell containing 4 formula
units.*” BagAu,¢P3, was shown to be twinned down to the nano
domain using transmission electron microscopy and was deter-
mined to crystallize with the same superstructure as the
Cu analogue.® Several ternary clathrates with late transition
metals and arsenic are reported: BagCu;AS39, CSgZn;gASag,
RbgZn;gAS,g, and CsgCd,gAs,g.”® All the arsenide-based clath-
rates have been reported to crystallize in the archetype clathrate
I structure (cubic Pm3n space group) with mixed M/As sites in
the framework. Moving down the pnictogen group, a new story
has emerged for antimony-based clathrates. Originally investi-
gated in 2009, single crystal X-ray diffraction (SXRD) suggested
that CsgZnsSb,g and CsgCd,4Sb,s crystallize in Pm3n.° Recent
reinvestigation has shown that the antimony-based clathrates
CsgZn,gSbyg and CsgCd,sSb,g exhibit ordered superstructures
with segregation of M and Sb over different framework sites as
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evidenced using transmission electron microscopy and high-
resolution synchrotron X-ray powder diffraction (HR-PXRD).'°
A similar ordering was found for In-Sb and Ga-Sb clathrates."*

Contrary to the observation of superstructural ordering among
the phosphorous- and antimony-based clathrates, no superstruc-
tural ordering has been reported for arsenide clathrates. The super-
structural ordering can be due to the energy gain attained by
avoiding metal-metal bonds. In Pm3n, the framework filling of
the 6c, 167, and 24k sites cannot simultaneously fulfill the stoichio-
metry while avoiding metal-metal bonds and the structure is forced
to reduce the overall symmetry and enlarge the unit cell volume. For
phosphides, the known type I clathrates have crystallized in either
Pbcn or P4,/ncm, while the antimonides exhibited complex ordering
in the Ia3, Ia3d, and P2 space groups (the latter was proposed using
microscopy studies). Herein, we report the first arsenide clathrate
BagAu;6As;, with unique superstructural ordering in the monoclinic
space group P2/c.

The direct synthesis from elements at 600 °C resulted in a
polycrystalline sample of BagAu;sAsso. Elemental energy dis-
persive analysis confirms presence of only Ba, Au, and As in the
sample. A separate reaction utilizing a CsBr/CsI flux and an
excess of As resulted in crystals suitable for single crystal X-ray
diffraction (SCXRD). BagAu,¢As;, crystallizes in the P2,/c space
group as determined using SCXRD with a = 15.147(1) A,
b =15.218(1) A, ¢ = 10.954(1) A, and f§ = 90.502(2)° (Table S1,
ESIT). Refinement of the crystal structure shows that all atomic
sites are fully occupied (Fig. 1A). Like many other pnictide
clathrates with superstructures, no metal-metal (Au-Au) bonds
are formed in this framework. There are five Ba positions inside
the Au-As cages: Bal@AugAs 4, Ba2@AugAs,, Ba3@AugAs;s,
Ba4@AugAs;6, and Ba5@AugAs;e. Bal and Ba2 occupy the 5'2
pentagonal dodecahedra (Fig. 1A, red cage), while Ba3, Ba4, and Ba5
occupy the 5'%6” tetrakaidecahedra (Fig. 1A, blue cage). Although the
data suggested a monoclinic space group, the lattice parameters
and beta angle were suspiciously close to tetragonal symmetry. The
supergroups Pm3n, P4,/mmc, and Pd,/ncm were considered as
possible solutions but failed to give a good refinement. To confirm
the small but robust beta angle deviation from 90° and the correct
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(A) Crystal structure of BagAujsAsso, Ba: blue/red; Au: gold; As: grey. (B) Experimental (black) HR-PXRD pattern and theoretical patterns for P2,/c

Fig. 1
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(blue) and hypothetical Pbcn derived from BagAuigP3o (red); (C and D) zoomed-in regions of (B).

symmetry, a sample synthesized from elements was prepared and
studied with HR-PRXD.

Aside from a few minor peaks attributed to admixtures, the
calculated diffraction pattern from the single crystal model fit
extremely well once the room temperature unit cell parameters
(@ = 15.197 A, b = 15.261 A, ¢ = 10.979 A, and f = 90.444°) were
refined (Fig. 1). HR-PXRD ruled out the aristotype cubic and
orthorhombic (Phcn) structural models. In Fig. 1C a zoomed-in
region from 1.9 to 2.3 Q explicitly demonstrates that the Phcn model
fails to generate enough peaks to even begin fitting the experimental
diffraction pattern. In Fig. 1D a similar conclusion can be made
while noticing an agreeable peak splitting from the P2,/c model and
the experimentally collected data. The formation energy and stability
of BagAu,6As;o was calculated and compared with other ternary Ba—
Au-As phases using density functional theory (Fig. S1, ESIT). The
atomization energy is negative (—0.429 eV per atom) and
BagAu,6Ass, is a thermodynamically stable phase when considering
all experimentally reported binary and ternary compounds in the
Ba-Au-As system. However, inclusion of the hypothetical BaAu,As,
(isostructural to BaAu,P,)">" shows that BagAu,6As;, could decom-
pose to BaAu,As,, BaAuAs, and Au (Fig. S1, ESIT). Our experimental
efforts to synthesize BaAu,As, have instead resulted in the formation
of BagAu,¢AS;.

The reduction of symmetry from Pm3n to P2,/c stems from the
ordering of the framework elements (Au and As). The Barnighausen
tree (Fig. S2, ESIT) shows the relationship between the two space
groups as well as the Wyckoff site splitting. In the first reduction of
symmetry to the space group P4,/mmc almost all the framework
sites remain mixed occupied except for the 2e site. The second
transformation to P4,/ncm is accompanied by a doubling of the unit
cell volume (v2 x v/2 x 1). In this space group a hypothetical
distribution of Au and As among the Wyckoff sites could result in a
completely ordered structure that fulfills the stoichiometry of the
framework (16Au:30As) in analogy with the reported ordered struc-
ture for La; ¢Bag4CuyePs0."* Further reduction of symmetry may
be caused by optimization of the As-As and Ba-Au interactions
(Table S2, ESIt). The next transformation lowers the symmetry to
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the orthorhombic space group Pccn. In the final transformation to
P2,/c all the framework sites are identified as general position 4e
sites and are fully occupied by either Au or As. All the Au atoms are
surrounded by four As atoms and no Au-Au distance shorter than
3.91 A is present.

The Barnighausen tree demonstrates that single atom type site
occupation is possible in P2,/c but the same ordering can be
accomplished in Phcn, as was found for BagAu, 6Pz, and BagCu,¢Ps.
What is the driving force for this reduction of symmetry as opposed
to Pbcn found in BagAu,cP;0? In the structure of BagAu,cPrs
(Pn = P, As) pnictogen atoms account for almost 2/3 of the frame-
work atoms. The replacement of all smaller P atoms with As leads to
an overall 13.7% increase of the unit cell volume per formula unit.
Assuming an isotropic structure expansion in the Pbcn space group,
this would lead to the increase of the Ba-framework distances and
the volume of the polyhedral cages, which may become oversized
for the Ba guest cations. Reducing the crystal symmetry of
BagAu6As;, down to P2,/c allows optimization of the Ba-
framework interactions. The volumes of the Ba polyhedra in
BagAu;6As;, are 14% larger than those of the respective polyhedra
in BagAu,¢P;, (Table S2, ESIT). However, the average and shortest
Ba-framework distances in both polyhedra increase only by 4% as
compared to the distances in the phosphide analogue. The simplest
model of Phcn BagAu,¢Asz, was produced using the atomic coordi-
nates of BagAu;sP3, and isotropically expanding the volume per
formula unit to match that of BagAu,;¢Aszo. The analysis of the
consequent atomic distances shows that for cages of the same
volume, P2,/c allows for optimized Ba-Au distances (Table S2.2,
ESIT). Relaxing of the produced hypothetical Phcn BagAu,6Ass, using
DFT still results in the structure with ~0.1 A longer Ba-Au
distances, e.g. the shortest Ba-Au distance in relaxed Phcn is
3.49 A while in P2,/c the shortest Ba-Au distance is 3.39 A. Another
important difference between BagAu;6As;, and BagAu,¢Ps, is the
pnictogen—pnictogen bonding. While there are no Au-Au bonds in
either structure, there are homoatomic pnictogen-pnictogen bonds.
The sum of covalent radii for P is 2.20 A while the sum of covalent
radii for As is 2.40 A. In the case of BagAu, P30, very long P-P bonds
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are observed with distances up to 2.72 A.° This is not the case for
BagAu,6As3, where the longest As-As distance is 2.53 A. The Zintl
phases BazAs,4** and Ba,As,I'® feature As, clusters where the longest
As-As bond is 2.52-2.53 A, while BaAs,” features one-dimensional As
chains with a longest distance of 2.50 A, which suggests that the As-
As distances in BagAu,cAs;, are not unusual. The substantial differ-
ences between BagAu,¢As;, and BagAu,¢P3 are in the polypnictide
anions. While there are two fragments in BagAu,¢P30, P1» and P,
only one type of As fragment, As;s, exists in BagAu;¢Asz, (Fig. S3,
ESIt). We hypothesize that the differences in the superstructural
ordering for BagAu,As;, and BagAu,¢P;3, are due to optimization of
pnictogen-pnictogen bonding and Ba-Au interactions.

To confirm the superstructural ordering determined using
HR-PXRD and SCXRD, transmission electron microscopy was
employed. The selected area electron diffraction (ED) patterns
collected from the main crystallographic zone axes show agree-
ment with the P2,/c space group determined using the other
methods (Fig. 2). In the [001] zone axis, the absence of 4-fold
symmetry excludes tetragonal or cubic symmetry and the
absence of the (010) diffraction peak is in line with the
systematic absence condition for 0k0, k = 2n, which is a general
condition for P2,/c as well as Pccn. The presence of the (100)
reflection shows that Pccn cannot be used to index the ED patterns,
because of the violation of the /00, & = 2n condition. The [011] zone
axis, which corresponds to [111] in the cubic aristotype structure,
confirms an absence of the 3-fold rotation axis and shows only the
presence of two-fold symmetry. This zone confirms the presence of
the (100) reflection seen in the [001].

Fig. 2 Top: ED of the [001], [011], and [112] zones of BagAuieAssg indexed in
the P2;/c model; middle: low magnification HAADF-STEM image of the single
crystallite and the corresponding EDX elemental mapping of Au M (red), Ba L
(green), As K (blue), and the overplayed image; bottom: high resolution [011] and
[112] HAADF-STEM images. The simulated images are given as insets.
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Elemental mapping and high resolution HAADF-STEM imag-
ing show the homogeneous distribution of all chemical ele-
ments within a composition close to nominal (As - 54.6 at%,
Ba - 15.0 at%, and Au - 31.8 at%) and good crystallinity (free of
twinning and defects). The simulated high resolution [001] and
[011] HAADF-STEM images are in agreement with the experi-
mental ones (inset in Fig. 2, bottom panel).

Low thermal conductivity is ubiquitous among clathrates.>
The large number of atoms in the unit cell and the rattling
guest atoms give rise to localized modes, which reduces the
lattice contribution to thermal conductivity (Kiaetice). Addition-
ally, the presence of heavy atoms in the framework reduces
Klattice Dy lowering the optical phonon frequency range. Au is
the third heaviest atom that has been incorporated into the
framework of any clathrate, behind Bi and Hg.>'®2° The
incorporation of Au and other heavy framework atoms has
been shown to lower the thermal conductivity significantly.
For the BagGa;¢_3,AU,Ge3040, System, substitution of Au (x = 4)
lowered the lattice thermal conductivity from 1.6 WK ' m ™" in
BagGa sGe;o to 1.0 W K~ m™ 1! BagAu,¢P;, has an exception-
ally low lattice thermal conductivity even for clathrates.® Con-
sidering the substitution of As for P it is reasonable to expect an
even further reduction of the xjaice fOr BagAu,¢As;,. However,
that is not the case. As seen in Fig. 3, the lattice thermal
conductivity for BagAu;eAsz, is ~0.85 W K ' m™" at room
temperature. The thermal conductivity is comparable to that
for BagAueGe,o considering that Ge and As are comparable in
atomic mass and BagAu;sAs;, has substantially more Au
allowing the lattice thermal conductivity to be lowered from
~1.0 W K ! m™! for BagAusGe,o*' to ~0.85 W K~ ! m™! for
BagAu,6As3,. The thermal conductivity of BagAu;¢Ass, is lower
than most type I clathrates including BagCu,P3, however it is still
~50% higher than BagAu,¢P3,. It may be that BagAu,¢P; is an
outlier due to an extrinsic lowering of the thermal conductivity
caused by the grain boundaries and nanoscale twinning
detected using HAADF-STEM.® The extent of the twinning in
BagAu,6As; is currently unknown but the presence of twinning
to nano-domains seems unlikely as a structural solution from a
single crystal was easily obtained and no twinning was detected
during HAADF-STEM studies.

BagAu,As;z, exhibits a metal-like temperature behavior of
electrical resistivity with values similar to that for BagAu,P3,.
This is expected for compositions that are not electron
balanced. BagAu;¢As;, has 182 electrons per 46 framework
atoms, 8 x 2(Ba) + 16 x 1(Au) + 30 x 5(As) = 182, while an
electron balanced composition requires 46 x 4 = 184 electrons.
Electronic structure calculations confirm the expected metallic
nature of BagAu,¢As3o. The Fermi level is about 0.25 eV below
the maximum of the valence band, which makes this material
p-type. The Seebeck coefficient of BagAu;¢As;, is positive and
increases with temperature. The room temperature absolute
value (13 pv K ) is close to those for other metallic pnictide
clathrates, such as BagAu;sP3; (15 pV K ')° and CsgCdygAs,g
(11 pv K~ 1.2 The major charge carriers are holes, which is expected
for an electron deficient clathrate. The absolute values for the
Seebeck coefficient below 75 K were lower than 1 pv K * and were

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Left: projected density of states in the GGA+U approximation. Right: temperature dependence of resistivity (blue), Seebeck coefficient (black),
and thermal conductivity (red). The total thermal conductivity trend is shown with a black line to guide the eye.

omitted due to a high level of noise. While the Seebeck coefficient is
low; 2T ~ 2.2 x 103, the low thermal conductivity and electron
deficiency means that BagAu,sAss, is well positioned for substitu-
tion and alloying to optimize the electronic transport properties, as
was shown for clathrates developed from BagCuyePs0.'***™>* To
probe potential of BagAu;¢As;, for thermoelectric applications, the
transport properties were calculated as a function of the energy of
the Fermi level (Fig. S4, ESIt). Shifting the Fermi level via substitu-
tional doping to the top of the valence band increases the Seebeck
coefficient by an order of magnitude. However, the resistivity also
increased by a similar amount. Due to the counteracting effects of
resistivity and Seebeck coefficient, the overall zT of the material did
not surpass 0.07. Even if the material was doped to n-type, 2T will
not exceed 0.1 (Fig. S4, ESIt). These results indicate that only
modifying the carrier concentration will not provide a feasible route
to a “state-of-the-art” thermoelectric material. Adjusting the hole-
mobility may be an alternative route to further increase the thermo-
electric performance of BagAu,eAszo, as was demonstrated for
La,Bag_,Cu;6P50.*

In conclusion, BagAu,¢As;, is a new type I clathrate crystallizing
in the unprecedented superstructural space group P2,/c that
features a singular repeating As fragment and the absence of
Au-Au bonds. We hypothesize that factors such as cage volume,
and optimization of the Au-As, As-As, and Ba-framework interac-
tions are the reasons for BagAu,cAs;, crystallizing in a different
superstructure compared to BagAu,P3o. The transport properties of
BagAuy6As;, are expected for a metallic clathrate but point to
BagAu,P30 as an outlier in terms of its thermal conductivity. The
theoretical transport properties indicate that modification of carrier
mobility is required to substantially increase the z7T of BagAu,;cAS3¢-
based thermoelectric materials.
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