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ABSTRACT: Single crystals of clathrate-I BagCu,4As;, have been
synthesized and their structure and electronic properties
determined using synchrotron-based X-ray diffraction and first-
principles calculations. The structure is confirmed to be Pm3n (No.
223), with lattice parameter a = 10.4563(3) A, and defined by a
tetrahedrally bonded network of As and Cu that forms two distinct
coordination polyhedra, with Ba residing inside these polyhedra.
All crystallographic positions are fully occupied with no vacancies
or superstructure with the Cu atoms, while occupying all
framework sites in the network, exhibiting a preference for the 6¢
site. Agreement between the experimental and theoretically
predicted structures was achieved after accounting for spin—orbit BaSCu 15A530
coupling. Our calculated Fermi surface, electron localization, and
charge transfer, as well as a comparison with the results for elemental As,, provide insight into the fundamental properties of
this clathrate-I material.

Electron localization|
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1. INTRODUCTION Since the work on SrgGa,sGes,”>>® much of the effort has
focused on the thermal transport of inorganic clathrates with
the aim of further reducing the thermal conductivity in these
compositions. Cationic clathrates may also have reduced
thermal conductivity, as indicated by the report on
orthorhombic BaSAgléPw.24 However, a fundamental under-
standing of their structure—property relationships, including
the potential for altering their electrical properties, is equally
important.">*” Cationic clathrates with frameworks composed
of pnictogen and metallic ions provide unique opportunities
for expanding our fundamental understanding of this material
system and for seeking previously unexplored materials with
distinctive physical properties in this class of materials.

In this study, we demonstrate the successful synthesis of the
single crystal BagCuj¢As;, with a cubic clathrate-I crystal
structure and primarily As on the framework. We further use
detailed structural characterization combined with density
functional theory (DFT) calculations to obtain a description of

The group 14 clathrates were discovered over 5 decades
ago.l_3 The structure of these materials, which features a
relatively open tetrahedral network that provides an effective
host for guest atoms or molecules, underpins many of the
interesting properties they display,” for example, glasslike
thermal conductivity, superconductivity in sp>-bonded solids,
magnetism, and heavy-atom tunnelling in the crystalline
state.”~'> These unique physical properties are the reason
clathrates continue to be of interest for technological
applications, including thermoelectricity,”~*'® photovoltaics,"
ultrahard materials,"® and magnetic refrigeration.14
Depending on the electric charge of the framework, the
intermetallic clathrates can be categorized as anionic and
cationic, with the latter being much less investigated. There are
only a few reports on the synthesis and properties of clathrates
with primarily group 15 atoms in the framework. Specifically,
LgIn,As;;_,Sny,_,, with cages composed of Sn, In, and As have

been reported to display attractive thermoelectric proper- the structural and electronic properties of this new clathrate
ties,"> ™" and IgJ;5Asy,Snys with a disordered clathrate-I material. It is found that the smallest number of direct Cu—Cu
structure has also been synthesized.'® In addition, clathrate-I bonds is preferred, while some of the guest atoms have off-
compositions with Sb (CsyZnSb,g and CsgCd,Sbyg)," As center equilibrium positions. Studies of the energy bands and
[AgZngAs,; (A = K, Rb, Cs) and CsgCd,gAsy],”" and P
(BagCuy¢Pso, Eug_,Ba,Cu4Py, and BagAgicPy)*' ~>* have Received: May 14, 2018
been synthesized. Published: July 11, 2018
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density of states (DOS) indicate distinct features on the Fermi
surface. Our results for electron localization and charge transfer
are further used to analyze the type of bonding in this material.
Comparisons of the atomic positions, energy stabilities, and
electronic structures with the parent As,s clathrate were used
to facilitate an understanding of the properties of BagCu Ass.

2. EXPERIMENTAL AND COMPUTATIONAL
SECTION?®

Small bluish single crystals of BagCujAs;, were obtained from a
reaction of Ba pieces (99.9%, Alfa Aesar), Cu powder (99.9%, Alfa
Aesar), and As powder (99%, Alfa Aesar) in an 8:16:30 ratio. The
elements were loaded into a silica ampule that was sealed in a quartz
tube in a high-purity nitrogen environment under slight vacuum (0.1
Pa) and subsequently heated to 800 °C at a rate of 10 °C/h. The
ampule was kept at this temperature for 1 day before allowing it to
cool to room temperature with the furnace turned off. The reaction
product contained small BagCu,4As;, crystals and a microcrystalline
powder, with the latter being primarily BaygCu,4As;, with As and
BaCu,As, as minor phases. We selected several small single crystals of
0.05—0.1 mm in size for single-crystal synchrotron X-ray diffraction.
The data were collected using a Huber three-circle diffractometer with
the x angle offset at 60° and equipped with a Dectris PILATUS3X 1
M (CdTe) detector. The distance between the detector and crystal
was 130 mm. A total of 1440 frames were collected at the 26-angle
setting of 0° and at two different @ and k settings, namely, at @ =
—180° and k = 0° and at @ = —200° and x = 30°. The data were
collected with the ¢ angle scanned over the range of 360° using a
shutterless mode. A custom-designed data collection software was
employed. In order to utilize the Bruker APEX I suite software”” for
data processing, data frames were converted to the Bruker format.

Data integration was performed with the Bruker APEX II suite
software.”” The reduction of data was conducted with SAINT, version
8.32B, and SADABS, version 2013, programs included in the APEX
suite. The structure solution and refinement were carried out with
SHELXTL software® using the XPREP utility for the space-group
determination and the XT and XL programs for the structure solution
and refinement, respectively. The interatomic distances were
calculated using SHELXTL and PLATON.”!

The electronic structure was calculated according to the DFT
approach, as implemented in the VASP package, which relies on a
projector-augmented-wave method with plane-wave basis sets and
periodic boundary conditions.*>** The exchange-correlation energy
was taken into account via the Perdew—Burke—Ernzerhof (PBE)
functional within the local density approximation (LDA) and
generalized gradient approximation (GGA).>* The unit cell was
constructed according to the symmetry group for type I clathrates.
Tonic relaxations were performed with energy cutoffs of 374 and 380
eV for As,s and BagCu,¢As;, respectively. The total energy difference
and force relaxation criteria were 10™* eV and 10™* eV/A, respectively.
During the relaxation process, the unit cell was allowed to change its
shape and volume. Tetrahedral integration with Blochl corrections
were used for self-consistent calculations with a 9 X 9 X 9 k mesh.
Relativistic effects originating from the spin—orbit coupling (SOC)
were also taken into account with a 7 X 7 X 7 k-mesh sampling. In
VASP, the SOC is calculated using noncollinear magnetism where the
valence electrons are accounted for with a variational method and
scalar relativistic eigenfunctions. Although SOC calculations require
bigger computational resources, we find that such relativistic effects
have important consequences in the energy band structure of these
materials. Also, the VESTA package was used for the crystal structure
and electron localization function (ELF) visualization.>> The
XCrySDen program was used for Fermi surface visualization.*®

3. RESULTS AND DISCUSSION

Clathrate-I BagCu,¢As;, crystallizes in the cubic Pm3n
symmetry (No. 223) with lattice parameter a = 10.4563(3)
A, which yields a unit-cell volume of 1143.23(5) A®. Figure 1a
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Figure 1. (a) Projected view of clathrate-] BagCu ¢Asy, along the
(100) direction. The positions of the Ba atoms inside the (As/Cu),,
and (As/Cu),, polyhedra are shown in part (b). The 6c, 16i, and 24k

framework sites are labeled.

gives the packing diagram of this structure viewed along the
(100) direction that illustrates the alternating arrangements of
the (Cu/As),, and (Cu/As),, polyhedra, with the structure
outline drawn through the average positions of As and Cu. In
this figure, the Ba atoms have been omitted for clarity. Figure
1b highlights the two distinct types of polyhedra that form the
cubic unit cell of BagCu,4As;o: the dodecahedron [20-atom
polyhedra with 12 pentagonal faces, (Cu/As),,] and the
tetrakeidecahedron [24-atom cage with 12 pentagonal and 2
hexagonal faces, (Cu/As),,]. Each unit cell contains two (Cu/
As),, dodecahedra and six (Cu/As),, tetrakaidecahedra. The
6¢c site is only present in the (Cu/As),, dodecahedra. The
dodecahedra can be thought of as linked via the interstitial 6¢
positions. The framework structure is built from the tetrahedral
network of As and Cu atoms.

Table 1 gives crystal data and structure refinement results for
BagCu,4Asy,. The refinements yielded extremely low residuals
(Table 1). As and Cu reside on all three crystallographic sites
of the framework (6c, 16i, and 24k); we were able to refine
their positions with excellent resolution. As a result, there is a
very small splitting for As and Cu at the 16i and 24k sites.
Tables 2 and S1 provide the refined atomic coordinates with
equivalent isotropic (U,,) and anisotropic (U;) atomic
displacement parameters (ADPs), respectively. Table S2
gives the atomic distances (A) and their corresponding average
values. In this table, the Ba2—As/Cu distances are the
distances between the disordered Ba2 and the split sites of
As and Cu.

Bal, inside (Cu/As),, resides at 2a (0, 0, 0), while Ba2 is
disordered inside (Cu/As),,; instead of having the coordinate
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Table 1. Crystal Data and Structure Refinement for
BagCu,sAss

chemical formula BagCuy4Asy)
temperature, K 110(2)
wavelength, A 0.44281

space group Pm3n (No. 223)

unit-cell dimens

a b ¢ A 10.4563(3)
a, f, v, deg 90
volume, A3 1143.23(5)
density peyo g/cm® 6.337
abs coeff g, mm™ 9.334
F(000) 19028
6 range for data collection, 1.716—18.390

deg
index ranges —14<h<14;-13<k<14;-14<1< 14
reflns collected 32159
337 [R(int) = 0.0441]
15.408° (98.1%)
data/restraints/param 337/0/27
GOF on F 1.098
final R indices [I > 206(I)]¢ R1 = 0.0055, wR2 = 0.0121
R indices (all data)” R1 = 0.0056, wR2 = 0.0121

“R1 = YIIF,| — IEN/YIF,); wR2 = [Yw(F,2 — FE2)?/ Y w(F,2)?*]V2

indep reflns

completeness to 6

(0, '/4,'/,) (at the 6d site), it is at [0, 0.2548(6), 0.4820(2)]
with the site occupancy of !/, (the 24k site). In Figure 1b, the
“disordered”, or split, (Cu/As) sites that form the framework
are shown individually. The As and Cu atoms are essentially
adjacent to each other. In the figure, the bonds are drawn
through the average (Cu/As) positions.

Cu substitutes for As in the framework on all three
crystallographic sites. On the 24k site, the Cu/As ratio is
approximately 28/72, which is a smaller ratio than that of the
16i site (35/65); however, Cu is the major element on the 6c¢
site with a Cu/As ratio of 60/40 (Table 2). The 6c
crystallographic site is located on the hexagonal face of the
larger tetrakaidecahedra (Figure 1b), where As and Cu
cooccupy the same position without splitting. The stoichiom-
etry of the compound was refined to be BagCuysg(2)As30,1(2)s
which is essentially BagCu,¢As;,. The preferential 6c¢ site
occupancy for Cu in BagCu¢Asy, agrees well with previous
reports on other clathrate-I compositions with framework
substitutions, such as BagCdgGess,’  CsgCdySny,, "
BagMn,Ge,,,*” CsgZn,Sny,,*” and CsgZn,zAsyg; thus, 6¢ site
selection may not be size-dependent with respect to the
substituents. According to Gimarc,"' the substitution site
preference can be explained using the rule of topological
charge stabilization and Mulliken population analysis."* The
electropositive (or less electronegative) species will occupy the

framework sites with the lowest Mulliken population, while the
more electronegative species will prefer the sites with the
higher Mulliken population. In the clathrate-I structure, the 6¢
site has the lowest Mulliken population; therefore, Cu, which is
less electronegative than As (yc, = 1.9 and y,, = 2.18)," is
expected to preferentially substitute for As on the 6¢ sites of
BagCu 4As;,, as observed here.

Table S1 summarizes the ADP values for BagCu¢As;o. If
Ba2 is assumed to be on the 6d site, (1/,, 0, '/,), both the U,,
and Uj; values are extremely large, which is an indication of
potential disorder. However, if Ba2 is disordered over the 24k
sites, which have the coordinates (0, y, z), these ADPs are
much smaller but still larger than those of Bal or Cu/As.
Similar to Cs in CsgZn,Sn,,,"" Ba atoms in the larger (Cu/
As),, polyhedra exhibit larger thermal motion compared to
those in the smaller (Cu/As),, polyhedra (the U,;, U,,, and
U,; ADPs for Ba2 are approximately 3 times larger than those
for the Cu/As framework or for Bal). These large ADP values
likely reflect the dynamic disorder of Ba2 inside the (Cu/As),,
cages. Our synchrotron X-ray refinements support the disorder
of Ba2 in the tetrakaidecahedra. This inference is confirmed by
the computational results, as described below.

To fully investigate the structural features of BagCu4Ass, as
well as compare them with that of elemental clathrate-I As,,
the structural and electronic properties of BagCu,4As;, were
investigated using DFT calculations by considering different
unit-cell configurations with respect to the location of the Cu
atoms. There are over 10'' possible arrangements for Cu and
As in the clathrate-I framework. Here, we considered
representative configurations in which three types of distinct
Cu positions are taken. In the first system (C1), Cu is located
at 16i, resulting in eight direct Cu—Cu bonds in the
framework. In the second system (C2), there are four direct
Cu—Cu bonds in the framework, and in the third system (C3),
there are two direct Cu—Cu bonds. In all three configurations,
the characteristic Cu/As ratios are Cu3/As3 = 0.5/0.5 (6¢),
Cu4/As4 = 0.375/0.625 (16i), and CuS/AsS = 0.29/0.71
(24k). We note that these ratios are very close to those from
our experimental data in Table 2; however, an exact match is
impossible at this stage due to the limitation of computational
resources.

The stability of the structure was determined by calculating
the formation energy E, = Er — YN E, where Ey is the total
energy and E; is the energy of the different constituent atoms in
the unit cell (N in total). The calculated formation energies
(results via GGA only) and lattices (results via GGA and LDA)
are given in Table 3. As shown in this table, C3 is the most
stable configuration with a formation energy lower by 0.12 and
0.10 eV/atom compared to C1 and C2, respectively. We note
that the SOC is an important factor in the energy stability,

Table 2. Atomic Coordinates and Equivalent Isotropic ADPs (A?) for BagCu,4Ass,

atom x/a y/b z/c

Bal 0 0 0

Ba2 0 0.2548(6) 0.4820(2)
As3/Cu3 Y4 0 /s

As4 0.1858(2) 0.1858(2) 0.1858(2)
Cu4 0.1828(5) 0.1828(5) 0.1828(5)
AsS 0 0.3072(2) 0.1185(3)
Cus 0 0.3138(8) 0.1162(9)

“U,q is defined as one-third of the trace of the orthogonalized Uj; tensor.
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Uy” fraction Wyckoff position
0.00713(8) 1.0 2a
0.0190(5) 025 24k
0.00670(13) 0.40(2)/0.60(2) 6¢
0.00813(13) 0.653(13) 16i
0.00813(13) 0.347(13) 16i
0.00716(12) 0.717(13) 24k
0.00716(12) 0.283(13) 24k

DOI: 10.1021/acs.inorgchem.8b01314
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Table 3. Formation Energy AE, Lattice Constants (A), and
Averaged Values of Atomic Distances (A) Calculated via
Different Approximations and Their Experimental Referral
Values

calculated value BagCu,4As;, Asyg
formation energy AE, eV/ —4.037 (Cl,
atom GGA)
—4.0%9 (C2, —4.119 (GGA)
GGA)
—4.158 (C3, —4.128 (GGA)*
GGA)
—4.176 (C3,
GGA)“
lattice constant a, A 10.766 (Cl1,
GGA)
10.871 (C2,
GGA)
10.362 (C3, 11.076 (LDA)
LDA)
10.659 (C3, 11.383 (GGA)
GGA)
10.682 (C3, 11.372 (GGA)*
GGA)“
10.456 (Exp.)
As—As, A 2.439 (LDA) 8 bonds/cell
2.493 (GGA) As(16i)—As(16i): 2.732
(LDA)
2449 (GGA)*  2.909 (GGA)
2428 (Exp.) 2.904 (GGA)“
As—Cu, A 2387 (LDA)
2455 (GGA)
2422 (GGA)” 6 bonds/cell
2425 (Exp.) As(24k)—As(24k): 2.587
(LDA)
Cu—Cu, A 2.529 (LDA) 2.666 (GGA)
2.680 (GGA) 2.658 (GGA)”
2.503 (GGA)“
2426 (Exp.)
Bal—As, A 3.396 (LDA) 36 bonds/cell
3.487 (GGA) As(6¢)—As(24k): 2.527
(LDA)
3438 (GGA)“ 2.628 (GGA)
3.412 (Exp.) 2622 (GGA)”
Ba2—As, A 3.683 (LDA)
3.770 (GGA) 48 bonds/cell
3780 (GGA)*  As(16i)—As(24k): 2.415
(LDA)
3.733 (Exp.) 2446 (GGA)
Bal—Cu, [A] 3.351 (LDA) 2449 (GGA)“
3.436 (GGA)
3.444 (GGA)“
3.424 (Exp.)
Ba2—Cu, [A] 3.738 (LDA)
3.856 (GGA)
3.759 (GGA)“
3.728 (Exp.)

“The SOC is included in the calculations.

such that E, is further lowered by 0.02 and 0.01 eV/atom for
BagCu ¢Asy, (C3) and Asy, respectively. Essentially, the
smallest number of direct Cu—Cu bonds diminishes distortion
in the cages, which is favorable for the structural and energetic
stability of the material. Similar trends have been found in
mixed cage Ga—Ge clathrate-I and Ga—Sn clathrate-II
compositions.%45 In addition, E, for As, was calculated to
be higher by 0.04 eV/atom in comparison to C3, which

9330

indicates a decreased energetic stability of the elemental
clathrate compared to BagCu,4As;.

The computed lattice constant for C3 is in good agreement
with the experiment (Tables 1 and 3), with the best agreement
achieved for our DFT—LDA calculations. We observe that the
lattice constant for As,g is ~7% larger than that of BaygCu,4As;,
which we attribute to the large As(16i)—As(16i) bond, as
shown in Table 3. It is interesting to note that at these
particular crystallographic positions the As atoms have
unbound electron pairs each positioned directly across from
each other, as discussed later in terms of electron localization.
A summary of the structural parameters for the most stable
BagCu ¢As; case is given in Table 3, where the average atomic
distances calculated under different DFT approximations are
shown. The atomic distances obtained via LDA are generally
smaller than those obtained from GGA; however, the SOC
reduces the GGA bond lengths. For example, the Cu—Cu
average distance using GGA is larger than our experimental
value by more than 10%, while the inclusion of the SOC
reduces this difference to about 3%. We note that the GGA—
SOC bond lengths agree with most of our experimental results,
except for the LDA As—As and Ba2—Cu bonds, which
compare best with the experimental values. Nevertheless, in all
cases, the difference between the computation and experiment
is $3%. It is further noted that some of the guest atoms are
displaced from the centers of their corresponding cages.
Specifically, our calculations indicate that Ba2 in (Cu/As),, is
off-center by 0.27 A. This is in good agreement with our
experimental value of 0.2 A, considering the difference between
the experimental and theoretical Cu/As ratios. The average
atomic bonds for the empty-cage clathrate As4 are also shown
in Table 3. The As(16i)—As(16i), As(24k)—As(24k), and
As(6c)—As(16i) distances are larger, on average, by 0.39, 0.18,
and 0.13 A, respectively, than the analogous distances for
BagCu,gAss.

The Cu—As bonds are in a tetrahedral coordination so that
each atom forming the cages (Cu and As) requires four
electrons for the network. There are, therefore, 184 electrons
per formula unit. Given that Ba provides two electrons to the
network and that Cu and As are expected to provide 1 and §
valence electrons, respectively, the total number of electrons
per unit formula is 182. This two electron charge difference
indicates that BagCu;¢As;, should have p-type metallic
behavior. Our DFT simulations confirm this simple argument
based on the Zintl rule; the band structure of BagCu;4Ass
obtained via DFT—GGA is indeed metallic, as shown in Figure
2a. For comparison, the band structure for the empty-cage As,4
is also displayed in Figure 2c and is similar to that reported in a
thesis.*® There are several crossings at Ep for both materials
from conduction and valence bands. Including the SOC causes
the bands to shift and removes some of the degeneracy in the
band structure for both materials, as shown in Figure 2b,d.

To further understand the electronic behavior of these
clathrates, their Fermi surfaces were calculated and are shown
in Figure 2e,f. For BagCu,4As;, there are well-defined pockets
around the R points in the Brillouin zone that originate from
the conduction bands crossing Ep, while the pockets around
the X points are due to the valence bands crossing Ej (Figure
2e). Typically, such pockets are indicative of a semimetallic-
like behavior. The Fermi surface for As, has pipelike features
centered at the G point with closed spherical surfaces at the R
point, the origin of which is from the valence bands (blue
regions in Figure 2f). The hollow toroidal surfaces with
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openings at the R points represent the conduction band
contribution (green regions in Figure 2f). The Fermi surface in
Figure 2f indicates that As,s is a stronger metal compared to
BagCu,sAs;.

The role of the SOC can also be investigated by comparing
the total DOS for the two systems. Specifically, the sharp peak
at the Fermi level of As,4 shifts toward the valence region upon
including SOC, as is evident from Figure 2¢,d. Such an effect,
although more pronounced, is also observed in BagCu,¢Ass
(Figure 2ab). We conclude that this relativistic correction
results in reduced DOS at Eg, indicating weaker metallic
behavior, especially in BagCu,4As;,, compared with the results
obtained without including the SOC in the calculations. The
projected DOS (PDOS) given in Figure 3 shows the character
of the contributing orbitals in different energy regions. The E >
—6 eV region is mainly comprised of Cu d and As p states
(Figure 3a,b), whereas below this region, there is a gap of
about 1.5 eV, followed by Ba p and As s states, occupying the E
< —9.5 eV range. The PDOS for As,g has only As p states for E
> —5.5 eV and As s states for E < —9.5 eV, as shown in Figure
3c,d.
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We further investigate the chemical bonding in these
materials by calculating their ELF, which is a measure of the
electron density localization with characteristic values of 0 <
ELF < 1. A value of zero corresponds to the absence of
electrons in a given region (represented in blue in Figure 4),
ELF = 0.5 is typically understood as an electron gas (green in
Figure 4), and ELF = 1 corresponds to complete localization of
the electrons (red in Figure 4). The calculated ELF for
BagCu¢Asyy is shown in Figure 4ab. In these figures, the
yellow regions between the As atoms, separated by 2.449 A,
correspond to shared electrons, which is a signature of covalent
bonding. The Cu—As bonds (2.422 A), on the other hand, can
be characterized as polar-covalent. The red regions shift toward
As, indicating electron depletion of Cu. We find that the Cu
atoms shift toward the As sites, which is explained by As having
larger electronegativity, thus leading to attraction of the less
electronegative Cu. The concentric ELF rings around Ba and
the shared ellipsoid regions between Ba and Cu (Figure 4a,b)
indicate that there may be donation of electrons from Ba to
Cu. The calculated ELF for As,s shows electronic localization,
which is evidence of the metallic character of the tetrahedrally
bonded As atoms in the clathrate framework (Figure 4c,d).
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Figure 4. ELF calculated for (a) and (b) BagCu,¢Asy, and (c) and (d) As,g on different planes. The distances d from the origin for each plane are
also shown in the figures. The ELF isosurface level is 0.870. (e) and (f) Charge transfer between As (green) and Cu (blue) on the Cu/As
framework. Ba is not shown. (g) and (h) Charge transfer between Ba (emerald) and the Cu/As framework. The electron accumulation and
depletion are shown as yellow and turquoise isosurfaces, respectively, with an isosurface value of 0.006 e/bohr® for all cases.

Interestingly, all As atoms at the 16i site have lobelike regions
facing each other, which is a signature of a lone-pair electron
distribution (Figure 4c).

Investigating charge transfer is also important in under-
standing the chemical bonding in BagCu ¢As;,. Here we show
the results for the charge-density difference between Cu and
As, Apc,_ay atoms making up the cages and the charge-density
difference between Ba and the Cu—As network, App._cuas

Specifically, Apcy_as = Pcutsasso = (Pcuts + Passo), Where
Pcusaszo 18 the charge density of a Cu—As network, and

Apga_cuns = Prascutsasso = (Pras + Pcutéasso)s Where ppascuieasso
is the charge density of BagCu ¢As;y and pg,q is the charge
density of Ba atoms. The obtained results are given in Figure 4,
where the turquoise isosurfaces around the Cu atoms indicate
that electrons are being transferred ionically to the regions
localized between the Cu and As atoms (Figure 4ef). These
locations (yellow isosurfaces) are slightly shifted toward the As
sites, further indicating a polar-covalent character of bonding
between Cu and As (see also Figure 4e,f). For charge transfer
involving Ba, parts g and h of Figure 4 show small yellow and
turquoise isosurface points between guest atoms and the Cu—
As network, indicating weak coupling. The obtained isosur-
faces are much smaller than those in Figure 4e,f.

4. CONCLUSIONS

Single-crystal cationic framework clathrate-I BagCu,¢Ass, was
synthesized and its structure characterized with synchrotron X-
ray diffraction. This cubic material, with space group Pm3n, has
a lattice parameter of 10.4563(3) A and a density of 6.337 g/
cm® and contains no vacancies or superstructure. Ba occupies
the 2a Wyckoff positions inside the (Cu,As),, polyhedra and is
disordered over the off-centered 24k sites within the larger
(As/Cu),, cages. Copper is located preferentially on the 6c¢ site
of the framework. SOC was needed in order to obtain a better
agreement with our experimental results. This spin—orbit
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correction also results in band shifts and the partial removal of
degeneracy, leading to weaker semimetallic-like behavior. The
types of bonding within the framework and between the guest
and framework of BagCuj4Asy, are relatively complex, as
revealed by our electron localization and charge-transfer
calculations.
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