








TABLE I. Crystal data and structure refinement for BaZnGa.

Empirical formula BaZnGa

Space group I4/mmm (t136)

a = 6.3652(2) A
c=25.593(1) A

Volume (4%) 1036.91(8) A3

Z 12

Reflections collected 8645 [Rint = 0.0557]

Data / restraints / parameters 557 / 0 / 21
Goodness-of-fit on F? 1.163

Final R indices [I> 20(1)] R1 = 0.0462, wR2 = 0.1036
R indices (all data) R1 = 0.0480, wR2 = 0.1043
Largest diff. peak and hole 3.933 and -2.128 e. A7

Unit cell dimensions

F? were carried out with SHELXTL 6.1."* The program
Superflip'* was used to yield the initial structural model,
in which three independent sites could be assigned to Ba
and the remaining three to Ga (or Zn) based on peak
intensity and interatomic distances. The occupancy pa-
rameter for each site was found to be close to full occu-
pancy (< 1 o) when separate refinements with unfixed
occupancy parameter were tried. However, attempts to
refine the Zn/Ga mixture on these three Ga (or Zn)
sites were not successful, which is common for systems
containing elements with similar scattering powers. Ta-
ble I gives the crystal data and structure refinement for
BaZnGa and Table II lists the refined atomic positions
and equivalent isotropic displacement parameters.

Magnetization measurements were performed in a
Quantum Design, Magnetic Property Measurement Sys-
tem (MPMS), SQUID magnetometer for H =10kOe and
1.8K< T < 300K. The samples for the magnetization
were put into a gel capsule without a well defined orienta-
tion. The magnetization data of BaZnGa were obtained
by subtracting the background signal of the empty gel
capsule from the sample plus gel capule data set. Sam-
ples for ac resistivity measurement were prepared in a
standard 4-probe geometry. Au wires (12.7um diame-
ter) were attached to the crystal using DuPont 4929N
silver paint inside the glove box as shown in the inset
to Fig.3 below. The temperature dependent electrical
transport measurements were carried out in a Quantum
Design Physical Property Measurement System (PPMS)
for 1.8K < T < 300K.

Elemental analysis was done via Oxford Aztec energy
dispersive spectroscopy (EDS) using FEI quanta 250 FEG
scanning electron microscope.

TABLE II. The refined atomic positions and equivalent
isotropic displacement parameters for BaZnGa.

M3 16n .m.

Atom Wyck. Site Symm. X y z Ueq (A?)
Bal 4d  -4m2 1/2 0 1/4 0.015(1)
Ba2 4e  4mm 1/2 1/2 0.1322(1) 0.041(1)
Ba3 4c mmm 1/2 0 0 0.046(1)
Ml  4de  4mm 0 0 0.0508(1) 0.015(1)
M2 e 4mm 0 0 0.1987(1) 0.015(1)

(1)
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FIG. 2. (color online) (a) The structure of BaZnGa at a unit
cell level, containing two identical double octahedral layers.
Red spheres denote Ba atoms, with numbers showing inde-
pendent atoms. Green, cyan, and blue spheres denote atoms
on the M1, M2, and M3 sites, respectively. (b) The repeat-
ing structural unit in one double octahedral layer. Important
Ba-Ba and (Zn/Ga)-(Zn/Ga) bond distances are marked.

III. RESULTS AND ANALYSIS
A. Crystal structure and composition

Based on our growth and identification, BaZnGa is the
only, currently known, ternary phase in the Ba-Zn-Ga
system. It crystallizes in a new structural type, with
Pearson symbol of t736. This is distinct from both BaZn,
(KHgs type, 0112) and BaGay (AlBy type, hP3) binary
compounds. The structure features a packing of dou-
ble octahedral layers of Zn and Ga at z=0 and 1/2.
These layers are identical but shifted by half unit cell
in both the a and b directions and separated by a layer
of Bal atoms (Fig.2 (a)). The Ba2 and Ba3 atoms are
located at vacancy centers of four neighboring octahe-
dra, and they form octahedra slightly elongated along



the ¢ axis, as indicated by the interatomic distance of
Ba3-Ba3 (4.501 A) and Ba2-Ba3 (4.647 A). In each dou-
ble octahedral layer, neighboring (Zn/Ga) octahedra are
connected by M3-Ma3 inter-cluster bonds in the ab plane
and M1-M1 bonds along ¢; both are ~2.60 A. In con-
trast, the intra-cluster bond distances of the octahedra
are longer (2.65A-2.69 A), suggesting more delocalized
bonding interactions. Crystal orbital Hamilton Popula-
tion (COHP) analyses reveal that the inter-cluster bond-
ing interactions are about 2.23-2.28 eV /bond.mol, i.e.
~30% larger than those of intra-cluster bonds (1.65-
1.75eV/bond.mol). The arrangement between the Bag
octahedron and its neighboring octahedra (Fig. 2 (b)) can
be viewed as an inversed Perovskite structure with a gen-
eral formula of ABX3, in which the large size cation A is
now replaced by the Zn/Ga octahedra and the anion X
by Ba, whereas the small size cation B is missing.

Although analysis of the X-ray data cannot shed
light onto the Zn/Ga ratio, we were able to perform
semi-quantitative composition analysis via EDS. The
Ba:Zn:Ga ratio was consistent with 1:1:1, although it
did suggest that there may be more Ga than Zn, i.e.
BaZn;_sGajys.

B. Density Functional Theory

Given that the x-ray scattering strength of Zn and Ga
are very close, the occupations of Zn and Ga on 3 Wyck-
off sites (two 4e-sites, namely M1 and M2, and 16n-site,
namely M3) cannot be resolved by single crystal anal-
ysis. First-principles density functional theory (DFT)
calculations were performed to investigate the occupancy
of Zn and Ga on these 3 sites. In order to allow for an
unequal amount of Zn and Ga, one thousand different
structures with 8 Zn and 16 Ga atoms scattered ran-
domly on those 3 sites were generated and their corre-
sponding energies were calculated by DFT. The DFT
calculations were performed using Vienna Ab — Initio
Simulation Package (VASP)'® with projector-augmented
wave pseudopotential method' »'° and plane wave ba-
sis. The generalized-gradient approximation parameter-
ized by Perdew, Burke, and Ernzerhof'”’ was used for the
exchange correlation energy functional. The energy cut-
off was 360eV and the Monkhorst-Pack’s scheme™’ was
used for Brillouin zone sampling with a k-point mesh of
6 x 6 x 2. All low energy structures, with energy window
of 0.25eV /unit cell, which is corresponding to thermal
energy of liquid Nitrogen (77K), were collected for site
occupation analysis. We find that the M2 site is fully
occupied by Ga in all low-energy structures. The M1
site and M3 site are occupied by both Zn and Ga with
average occupations Znj g5Gag 15 and Zng 15Gag g5, re-
spectively, which are very close to the totally random
occupation of Zn and Ga on these 2 sites: Znj goGas.4g
and Zng 40Gaggg. Therefore, we conclude that the M2
site is likely occupied by Ga only, whereas and M1 and
Ma3 sites are occupied by Ga and Zn randomly. We would
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FIG. 3. (color online) Temperature dependent resistivity. (left
axis, black filled circles) Temperature dependent magnetic
susceptibility of BaZnGa measured at H = 10 kOe.(right axis,
red open circle) The inset shows a picture of BaZnGa with
standard 4-probe contacts.

like to note here that, amongst the M1, M2 and M3 sites,
M2 site has a coordination number of 4, whereas both M1
and M3 have coordination numbers of 5. This distinction
of coordination number could be the driving force for the
distinct occupation of the M2 site. The very strong pre-
disposition of Ga to occupy the M2 site shown above
implies that the M2 site is primarily or fully occupied by
Ga in the BaZnGa ternary.

C. Physical properties

Figure 3 presents temperature dependent electrical re-
sistivity, p(T"), and magnetic susceptibility, M(T)/H.
Not surprisingly, given that the M1 and M3, Zn/Ga
sites are likely disordered, the electrical resistivity de-
creases only slightly from its 2.5 x 107 Q cm room tem-
perature value upon cooling. The overall behavior of
the temperature dependent resistivity is comparable to
that of BaFesAsy above the structural/magnetic transi-
tion temperature, which shares the same space group for
T >134K.

The magnetic susceptibility also manifests only a mod-
est temperature dependence that can be described as
weak Pauli paramagnetism with a low temperature im-
purity tail. This is similar in size and temperature depen-
dence to YCo2Zngy”~ or non-magnetic quasicrystals.
Neither resistivity nor susceptibility data give any indi-
cation of phase transitions between 1.8 and 300 K.



IV. CONCLUSION

BaZnGa is a new ternary compound that forms in a
new crystal structure (tI36). It has three, unique Ba
sites and three M = Zn/Ga sites. Although there is clear
chemical disorder on these sites (as supported by the poor
metallic behavior of the temperature dependent electri-
cal resistivity) density functional theory analysis suggests
that the M2 site is fully occupied by Ga and the M1 and
M3 sites have Zn/Ga mixing. Measurements of temper-
ature dependent electrical resistivity and magnetic sus-
ceptibility suggest that there are no electronic, magnetic
or structural phase transitions for 1.8 K < 7" <300K.
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