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6 ABSTRACT: The mineral Zlatogorite, CuNiSb,, was synthesized
7 in the laboratory for the first time by annealing elements at ambient
s pressure (CuNiSb,-AP). Rietveld refinement of synchrotron powder
9 X-ray diffraction data indicates that CuNiSb,-AP crystallizes in the
10 NiAs-derived structure (P3m1, #164) with Cu and Ni ordering. The
11 structure consists of alternate NiSbs and CuSbg octahedral layers via
12 face-sharing. The formation of such structure instead of metal
13 disordered NiAs-type structure (P6;/mmc, #194) is validated by the
14 lower energy of the ordered phase by first-principle calculations.
15 Interatomic crystal orbital Hamilton population, electron local-

—_

16 ization function, and charge density analysis reveal strong Ni-Sb, Cu-Sb, and Cu-Ni bonding and long weak Sb-Sb interactions in
17 CuNiSb,-AP. The magnetic measurement indicates that CuNiSb,-AP is Pauli paramagnetic. First-principle calculations and
18 experimental electrical resistivity measurements reveal that CuNiSb,-AP is a metal. The low Seebeck coefficient and large thermal
19 conductivity suggest that CuNiSb, is not a potential thermoelectric material. Single crystals were grown by chemical vapor transport.

20 The high pressure sample (CuNiSb,-8 GPa) was prepared by pressing CuNiSb,-AP at 700 °C and 8 GPa. However, the structures of
single crystal and CuNiSb,-8 GPa are best fit with a disordered metal structure in the P3ml space group, corroborated by

2
22 transmission electron microscopy.

—_

23 l INTRODUCTION

24 The hexagonal NiAs structure (P6;/mmc, #194) is one of the
25 common structures that accommodates a large number of
26 intermetallic compounds such as binary TX and ternary
27 TT’X,(T = transition metal, X = nonmetal) compounds with
28 disordered T and T’ atoms occupying the same site." When the
29 two metals located in the structure have a large size or charge
30 difference, they can become ordered and form a derived-
31 trigonal “112” structure ATX, (A = alkali metal, Ag, Cu, Cd,
32 TI; T = transition metal, T1, In, Sn, Bi; X = nonmetal) with
33 P3ml space group. In the hexagonal NiAs (P6;/mmc)
34 structure, As atoms are hexagonal close-packed with Ni
35 atoms occupying all the octahedral sites. The structure can
36 be viewed as layered face-sharing NiAss octahedral sheets
37 stacking along the crystallographic ¢ axis (Figure la). When
38 NiAss octahedra are replaced with alternate AX; and TXg
39 octahedral layers, a metal-ordered NiAs-derived trigonal
40 structure is formed. The reported examples of “112” structures
41 are mainly chalcogenides, such as, LiCrQ, (Q = S, Se, Te),”™*
£ LiTiS,° LiVS,° LiSnS,° NaCrTe,* CdTIQ, (Q = S, Se,
4 Te),”® CdInS,,” TICrTe,,'”"" CuRTe, and CuRSe, (R = rare-
44 earth metal),'>"? AngTez,14 AgScSez,15 and AgBiQ, (Q =S,
45 Se, Te).16 Among those, CuTmTez,17 AngTez,18 and
46 AgBiSe,'” ™' are experimentally established good thermo-

—

—
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electric materials. First-principles calculations also predicted
other related “112” (such as YAgTe,, YCuTe,) compounds as
promising thermoelectric materials.””

In addition to the reported chalcogenides, this metal-
ordered NiAs-derived structure has also been observed in other
“112” intermetallic compounds. AuCuSn, and AuNiSn, are
two examples of stannides in which Au and Cu/Ni have
different atom sizes.”>** In terms of pnictides, an experimental
compound HfMnSb, was reported in 2016.*° It is not
surprising that Hf and Mn atoms are ordered due to the
large size difference. This is an interesting compound that
exhibits conical spin order due to Mn layers. The first “112”
pnictide, however, should be the mineral compound CuNiSb,
which was reported in1994°° and named as Zlatogorite later
based on its origin from the Zolotaya Gora deposit in the
Central Urals.””
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Figure 1. Structure of theoretical metal disordered
Cug sNip sSbwithNiAs-type structure (a, P6;/mmc), CuNiSb, with
metal-ordered NiAs-derived structure (b, P3m1 space group), and the
group-subgroup relations between those two space groups (c).

63 The mineral compound CuNiSb, caught our attention,
64 because it is uncommon that similar covalent radii of Cu (r =
65 1.32 A) and Ni (r = 1.24 A)*® atoms could stabilize this metal-
66 ordered NiAs-derived structure, while the reported examples of
67 such “112” intermetallics in the Pearson handbook contain
68 metals with a significant size difference.' In contrast, MnCrSb,,
6 MnNiSb, and CrNiSb, crystallize in the NiAs-type structure,
70 in which 3d transition metals are disordered.”” > Although
71 MnCrSb, can be prepared by a solid-state method easily,
72 MnNiSb, can only be formed at high pressure.”’ CuNiSb, has
73 only been found in nature and is yet to be synthesized in the
74 laboratory. Therefore, it is of interest to study if CuNiSb,
75 could be made at ambient pressure or high pressure and
76 whether or not high pressure would affect the metal-ordered or
77 metal-disordered NiAs-derived structure. In addition, the
78 physical properties of CuNiSb, are worthy of study, because
79 many related layered nominal “112” pnictides exhibit exotic

physical properties. For instance, LaAgSb, and LaAuSb, (P4/ so
nmm) exhibit charge density wave,’>*> SrZnSb, (Pnma) shows s1
large magnetoresistance and magnetothermopower,” and s2
AMnBi, (A = Ca, Sr, Ba, or rare earth elements, P4/nmm) s3
are topological materials.*® 84

In this paper, we report the synthesis, electronic structure, 8s
and physical properties of CuNiSb, for the first time. 86
Polycrystalline samples can be prepared at ambient pressure 87
with a two-step solid-state annealing process. The crystal 88
structure and composition have been confirmed by high- s9
intensity synchrotron X-ray diffraction and elemental analysis. 90
Density functional theory calculations have been carried out to 91
understand the electronic structure and bonding and reveal the 92
energy difference between the metal-ordered and metal- 93
disordered NiAs structures. High pressure (8 GPa) was also o4
applied to the crystal structure to investigate a possible 95
structural transition. 96

B EXPERIMENTAL SECTION 97

Starting Materials and Synthesis. CuNiSb, polycrystalline 98
samples were synthesized at ambient pressure (CuNiSb,—AP) with 99
the solid-state method in two steps. Copper (99.999 wt %, Alfa 100
Aesar), nickel (99.996 wt %, Alfa Aesar), and antimony (99.999 wt %, 101
Alfa Aesar) powders were mixed and ground in stoichiometric 102
amounts inside of an argon-filled glovebox with a low concentration of 103
O, and H,0 (<1 ppm). The thoroughly ground elements were 104
pressed into a pellet and transferred into a quartz tube (O.D = 9.5 105
mm), which was sealed under a vacuum (<107* mbar). The ampule 106
was first slowly heated to 800 °C in 2 days, held at this temperature 107
for 7 days, and cooled to room temperature in 6 h. This treatment 108
turned the pellet into a shinning metallic ball. The ball was then 109
ground, pelletized, and again sealed in a quartz tube. The ampule was 110
heated to 650 °C within 1 day, held at this temperature for 7 days, 111
and then cooled over the course of 6 h. The obtained black pellet was 112
ground and characterized by powder X-ray diffraction. The chemical 113
vapor transport method was used to grow single crystals of CuNiSb,. 114
CuNiSb, polycrystalline powder and AICI; as a transport reagent were 115
sealed in a quartz tube (O.D = 12.5 mm) and heated in a three-zone 116
horizontal furnace. The source temperature and crystal growth zone 117
temperatures were set at 800 and 765 °C, respectively. Tiny crystals 118
(<0.1 mm) were grown after being held at the programed heating 119
profile for 2 weeks. 120

High Pressure Sample. CuNiSb,-AP powders were packed into 121
an open-ended AL, Oj; crucible, which was transferred into a 6 mm, 122
finned, 646 ceramic octahedron module monitored and controlled 123
with type D W3Re/W25Re thermocouple wires.*® The octahedron 124
module was then assembled with eight truncated tungsten carbide 125

—

—

Table 1. Selected Refined Structure Parameters of Polycrystalline and Single Crystal of CuNiSb,Samples

CuNiSb,-8GPa

CuNiSb,-Single Crystal

Sample CuNiSb,-AP
Empirical formula CuNiSb, CuNiSb,
Temperature 300 K 300 K
Mol. wt. 365.76 365.76
X-ray wavelength, 4 0.414532 A 0.412718 A
Space group, # P3ml, #164 P3ml, #164

Z 1 1
a=b=4.05685(1) Ac =
5.13363(1) A, V = 73.0446(1)
Ada=p=90°y=120°

Lattice parameters

R indices Ry, = 9.04%, Ry = 6.73%, Ry

= 8.38%
Site Wyckoff symbol Xy z Occ. Site
Cu la 0,0,0 1 Cu/Ni
Ni 1b 0,0, 0.5 1 Cu/Ni
Sb 2d 1/3,2/3,02731(1) 1 Sb

a=b=405692(1) A, c = 5.12467(1) A, v =
73.1701(2) A’ a = = 90°, y = 120°

Royp = 5.58%, Rp = 8.52%, Ry = 8.25%

Cug g5(4)Ni 95(4)Sb,
150 K

359.64

0.71073 A

P3ml, #164

1

a=b=239692(1) A, c=51297 (1) A,V =
69.989(2) A> a = f=90° y = 120°

R, = 2.18%, wR, = 4.72%

Xy, z Occ. Site X9z Occ.
0,0,0 0.5/0.5 Cu/Ni 0,0,0 0.5/0.5
0,0, 0.5 0.5/0.5 Cu/Ni 0,0, 0.5 0.5/0.5
1/3,2/3, 0.2426(1) 1 Sb 1/3,2/3, 0.2530(1) 1

https://dx.doi.org/10.1021/acs.inorgchem.0c01848
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Table 2. Selected Bond Distances in CuNiSb, and Related Compounds

Comp. Space group Ni-Sb, A Cu-Sb, A MM, A Sb-Sb, A
CuNiSh,-AP P3ml 2.6159 (1) 2.7299(2) 2.5668 (1) 3.3031(3), 3.6536(3)
CuNiSb,-8 GPa P3ml 2.6519(3), 2.6882(3) 2.5623(2) 3.4159(6), 3.5277(7)
CuNiSb,- Single Crystal P3ml 2.6185 (2), 2.6337 (2) 2.5649(2) 3.4163(4), 3.4628(4)
MnNiSb,*! P63/ mmc 2.6750 2.700 3.5530
CrNisb,* P65/ mmc 2.7303 2.660 3.5724
MnCrSb,*° P65/ mmc 2.8505 3.7104
NiSb*” P65/ mmc 2.6174 2.5750 3.4386
Sb*7 P65/mmc 3.2456

3.330

“M= Cu, Mn, Cr, Ni.

cubes and loaded into the Walker-type multianvil high pressure press.
The pressure was increased to 8 GPa overnight. Once the pressure
reached the programed pressure (8 GPa), the sample was heated
quickly from room temperature to 700 °C, held for 1 h, and then
quenched to 25 °C in a few minutes. The obtained high pressure
sample (CuNiSb,-8 GPa) was a dense black metallic pellet.

Laboratory and Synchrotron Powder X-ray Diffraction.
Powder X-ray diffraction (PXD) patterns of polycrystalline samples
were collected at room temperature for 30 min with the 20 range
from 10 to 70° on a Bruker D8 Advance Diffractometer (Cu Ka, 4 =
1.5418 A) with an SOL-X solid-state detector. Room-temperature
synchrotron powder X-ray diffraction (SPXD) patterns were collected
(0.5° < 20 < 50°) on both CuNiSb,-AP and CuNiSb,-8 GPa samples
at the 11-BM beamline at the Advanced Photon Source, Argonne
National Laboratory. Rietveld refinements of the SPXD data were
carried out with the suite of FullProf programs.®®

Single Crystal X-ray Diffraction. Single crystal X-ray data were
recorded at 150 K on a Bruker Smart diffractometer with an APEX
CCD detector and graphite-monochromatized Mo Ka radiation. The
data were corrected for absorption (numerical type) with Bruker
SAINT software (SADABS method).*” The 150 K crystal structure of
CuNiSb, was solved with the known P3m1 phase*® and refined with
the SHELXL (2018) program.®® The details of structure refinement
are provided in Tables 1 and 2 below and SI Tables S1 and S2.

Chemical Analysis. Elemental analyses of CuNiSb,-AP poly-
crystalline samples were carried out with a Zeiss-Sigma Field Emission
Scanning Electron Microscope (SEM) with Oxford INCAEnergy 250
Energy Dispersive X-ray spectroscopy (EDX) microanalysis system.

Thermogravimetric Analysis (TGA) and Differential Scan-
ning Calorimetry (DSC). TGA and DSC data were collected on
CuNiSb,-AP with an SDT Q600 TA Instrument. Polycrystalline
samples (~25 mg) were heated inside an alumina crucible from 25 to
1000 °C at a heating and cooling rate of 10 °C/min under argon flow.
After the measurement, the remaining samples were analyzed by PXD.

Physical Properties. Magnetic properties were measured on
CuNiSb,-AP polycrystalline samples with a Quantum Design
superconducting quantum interference device (SQUID) MPMS-XL
magnetometer. Field-cooled (FC) magnetic susceptibility was
recorded between 1.8 and 300 K in a direct-current applied field of
1 T. The sample was measured without a sample holder and sealed
directly inside the straw. A Dr. Sinter Lab Jr. SPS-211Lx spark plasma
sintering (SPS) system (Sumitomo, Tokyo, Japan) was used to
consolidate the bulk powder sample (about 0.5 g) into a dense pellet
in a 4 mm high-density graphite die (POCO) under a vacuum (<10
Pa). The sample was pressed at S50 °C for 15 min with the applied
pressure of 3 kN. The geometric sample density was larger than 91%
of the theoretical density. The resulting black disk (4 mm diameter,
1.5 mm thick) was polished flat and attached between two gold plated
copper leads with silver conductive epoxy. The epoxy was cured in a
vacuum oven at 150 °C for 2 h and allowed to cool under a vacuum
overnight. Thermoelectric properties were measured (2 K ~ 300 K)
with a PPMS (Physical Property Measurement System) using the
thermal transport option (TTO).

Transmission Electron Microscopy (TEM). Both CuNiSb,-AP
and CuNiSb,-8 GPa samples were analyzed with TEM. Ground fine

powders were mixed with ethanol in an ultrasonic bath. The obtained
suspension was then deposited onto a holey TEM grid covered with
carbon. Electron diffraction (ED) patterns of both samples were
acquired with a Phillips CM20 microscope operated at 200 kV.

First Principle Calculations. Density functional theory (DFT)
was used to investigate the electronic structure. Structural parameters
were taken from SPXD refinements. To study the stable type of
crystal structure, the virtual crystal approximation (VCA) method,*
which is implemented in the Quantum Espresso code,***' was
employed within the optimized norm-conserving Vanderbilt pseudo-
potential.*” The kinetic energy cutoffs for wave functions and charge
density were chosen to be 40 and 160 Ry, respectively, in the VCA
calculations. After the stable crystal structure was found through the
VCA calculations, electronic structures including the density of states
(DOS), electron localization function (ELF), and charge density
distribution were obtained using the projector augmented wave
method as implemented in the Vienna ab initio simulation package
(VASP). =%

An 11 X 11 X 8 k-point mesh was used for the Brillouin zone
integration. A plane-wave cutoff of 520 eV and the generalized
gradient approximation of Perdew—Burke—Ernzerhof (PBE) was
used."” The full-potential linearized augmented plane-wave method
implemented in WIEN2k was also employed to double-check the
electronic structures.*® The interatomic crystal orbital Hamilton
population (COHP) analysis of CuNiSb,-AP was performed with the
tight binding-linear muffin tin orbitals-atomic sphere approximation
(TB-LMTO-ASA) software package.49 Calculations of CuNiSb,-AP
containing a basis set of Cu-4s/4p/3d, Ni-4s/4p/3d/, Sb-5s/Sp/4d
were carried out with space group P3ml after converging the total
energy on a dense of 24 X 24 X 16 mesh with 88S irreducible k-
points.

B RESULTS AND DISCUSSION

Synthesis and Crystal Structure. On the basis of the
literature reports on the synthesis of MnNiSb, and
Mn,_,NiSb (0 < x < 1) at high pressure with MnSb and
NiSb,”' and MnCrSb, at ambient pressure from the
elements,” we planned to start the synthesis of CuNiSb,
with the two binary pnictides: CuSb and NiSb, but CuSb is
absent in the Cu-Sb phase diagram.”® Therefore, polycrystal-
line samples of CuNiSb, were prepared by mixing elements in
the stoichiometric ratio in a vacuum quartz ampule. After the
first step of annealing the ampule at 800 °C for a week, a
melted ball with metallic shinning color was obtained. PXD
data indicate that the product is a mixture of CuNiSb,, Cu,Sb,
NiSb, and Sb (Figure S1). On the basis of the balanced
equation Cu,Sb + 2NiSb + Sb = 2CuNiSb,, this mixture was
then annealed at 650 °C for 7 days to obtain the target phase.
Phase-pure samples (Figure 2) were successfully formed at
ambient pressure, which is a much simpler method in
comparison to the high-pressure process required for the
formation of MnNiSb,. These results reveal that the reported

https://dx.doi.org/10.1021/acs.inorgchem.0c01848
Inorg. Chem. XXXX, XXX, XXX—XXX
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Figure 2. PXD patterns of experimental (a) and calculated (b)
CuNiSb, with P3ml space group (b), and calculated
Cuy sNij sSbwithP6,;/mmc space group (c).

232 mineral Zlatogorite, CuNiSb,, can be prepared in the
233 laboratory. The details on the synthesis of CrNiSb, were not
234 given in the previous report,”® and we could not reproduce
235 CrNiSb, using the solid-state method with binary pnictides or
236 elements as precursors either at ambient or at high pressure
237 (up to 8 GPa). Efforts to prepare related CuMSb, (M = Cr,
238 Mn, Fe, Co), CuNiAs,, and AgNiSb, with similar procedures
239 at ambient pressure only yielded binary pnictides.

240 Laboratory PXD and SPXD data analysis indicates that
241 CuNiSb, crystallizes in the P3m1 space group, in agreement
242 with previous reports on the mineral samples. The calculated
243 PXD pattern of CuNiSb, with P3m1 space group is very similar
244 to that of the calculated disordered Cu,¢Ni,Sb with NiAs-
245 type structure in P6;/mmc space group (Figure 2). Compared
246 to the P3m1 space group, there are fewer reflections in the
247 P63/mmc space group due to higher symmetry group with the
248 following reflection conditions: 00l: [ = 2n; hkl: | = 2n, or h — k
249 + 1= 3n+ 1 or 3n + 2. As a result, (001), (003), (111), and
250 (113) reflections are absent in the P6;/mmc space group but
251 are allowed in the P3m1 space group. Those reflections are also
252 observed in the experimental PXD pattern, therefore, the
253 published structure of mineral CuNiSb, with P3ml space
254 group was used as the starting model for the Rietveld
255 refinements (Figure 3). In this model, Cu and Ni atoms
256 occupy the la (0, 0, 0) and 1b (0, 0, 1/2) positions,
257 respectively. We also tried another model with antisite disorder
258 between Cu and Ni on both sites, but there was no
259 improvement of the fitting, and the results contradicted with
260 EDX results. If we constrained 50/50% of disordered Cu/Ni
261 on both sites, the refinement resulted in two very different Cu/
262 Ni-Sb bond distances (2.723 and 2.616 A), which is not
263 reasonable. Therefore, we performed the refinement with
264 ordered Cu and Ni atoms in the P3m1 space group (Figure 3).
265 In the refined structure, Sb atoms are arranged in a dense
266 hexagonal packing with Cu and Ni occupying the octahedral
267 sites (Figure 1). Each CuSbg or NiSb, octahedron connects
268 with six octahedra by edge-sharing in the hexagonal ab plane.
269 Alternate layers of CuSbs and NiSbg stack via face sharing
270 along the crystallographic c¢ axis and form the layered structure.
271 The structure can be viewed as metal ordered NiAs-type (P6,/
272 mmc) derivative because P3m1 (#164) space group is one of
273 the subgroups of P6;/mmc (#194) based on Barnighausen tree

~
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Figure 3. Rietveld refinement of SPXD of CuNiSb,-AP in the P3ml
space group with observed data (red), calculated pattern (black),
Bragg position (green), and the difference between the observed and
calculated pattern (blue).

formalism, as shown in Figure 1c.>' In the NiAs structure, Ni 274
and As atoms occupy the special Wyckoff site 2a (0, 0, 0) and 275
2c (1/3, 2/3, 1/4), respectively. The 2-fold 2a Ni site in the 276
P6;/mmc space group splits into the one-fold 1a (0, 0, 0) and 277
1b (0, 0, 1/2) sites to accommodate the ordering of Cu and Ni 278
atoms in the P3m1 space group. Because of the unequal size of 279
CuSbys and NiSby octahedra, the symmetric Sb hexagonal 280
dense packing is distorted. Sb atoms are closer to smaller Ni 281
atoms and form smaller NiSby layers. As a result, position 2¢ 282
(1/3,2/3, 1/4) in the P65/mmc shifts to position 2d (1/3,2/3, 283
0.2731) in the lower-symmetry P3m1 space group. 284
The refined parameters and structure information are given 285
in Tables 1 and 2. The occupancy of each site has been refined, 286
but there are no obvious vacancies. The refined lattice 287
parameters using SPXD data are a = b = 4.05685(1) A, ¢ = 2ss
5.13363(1) A, V = 73.1701(2) A% which are close to the 289
reported values (a = b = 4.0510(2) A, c = 5.1382(4) A, V = 200
73.02 (1) A%).*° The refined Cu, Ni, Sb atoms occupy the 1a 291
(0,0,0),1b (0,0, 1/2), and 2d (0, 0, 0.2731), respectively. Cu- 292
Sb, Ni-Sb bond distances are refined to be 2.7299(2) A and 293
2.6159(1) A, respectively (Table 2). The bond distances are 294
very close to the sum of covalent radii of Cu (1.32 A), Ni (1.24 295
A), and Sb (1.39 A),”® which indicate the covalent nature of 296
bonding between Cu/Ni and Sb atoms. The smaller Ni-Sb 297
distance than the Cu-Sb bond distance implies that the 298
electron localization environments of Ni-Sb and Cu-Sb are 299
different, which will be further discussed in the electronic 300
structure section. The Ni-Sb bond distance (2.6159 A) is close 301
to the reported value (2.6174 A) of binary NiSb (P6;/ 302
mmc),”> "> but smaller than those (2.6750 A, 2.7303 A) in the 303
disordered MnNiSb, and CrNiSb,(P6,/mmc).>”*' The Cu-Ni 304
transition metal bond distances are 2.5668(1) A, which are 30s
close to the Ni—Ni (2.575 A) metal bonds observed in NiSb, 306
but smaller than those in MnNiSb, (2.700 A) and 307
CrNiSb,(2.660 A). 308
The shortest interlayer Sb-Sb lengths in NiSbs and CuSbg 309
layers are 3.3031(3) A and 3.6536(3) A, respectively (Table 2, 310
Figure 4a). The intralayer Sb-Sb distances are 4.0569 A. The 3114
Sb-Sb distances are comparable with those in NiSb, but shorter 312
than that of MnNiSb,, CrNiSb,, MnCrSb, (Table 2). The Sb- 313
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Figure 4. (a) Crystal structure with Sb-Sb distances, (b) layers of Sb-Sb connection within NiSbg layers, (c) perspective view of Sb-Sb connection

in one layer along the ¢ axis.
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Figure S. Energy-dispersive X-ray (EDX) elemental mapping of CuNiSb,-AP particles.

314 Sb distance (3.3031 A) is much longer than the normal range
315 of single Sb-Sb bond (~2.8 A)*® but close to those of the
316 hexagonal elemental Sb (3.2456 A, 3.330 A).”” The long Sb-Sb
317 distances can be considered as a weak hypervalent bond that
318 has been observed in some other Sb-containing intermetallic
319 compounds,®® such as Li,Sb (Sb-Sb = 3.26 A),>” BaZnSb, (Sb-
320 Sb = 3.24 A),*° Ca,,MnSb,,/Eu,,MnSb,, (Sb-Sb = 3.22—3.26
321 A),°"%” and Ba,Ga,Sby and Ba,Al,Sb, (Sb-Sb = 3.3 A).%%%*
322 The Sb-Sb long weak bonds are arranged in a zigzag array
323 within the NiSby layers (Figure 4b), and Sb and Sb are
324 connected as a distorted hexagonal net along the crystallo-
325 graphic ab plane (Figure 4c). If we consider the elongated Sb-
326 Sb distance as a half bond (one-electron per bond) as
327 suggested by Jeitschko and Mar,°** each Sb has S lone
328 electrons to meet the octet rule; then the formal charge on
329 each Sb in the hexagonal net is —1.5. If we assume the formal
330 chargea of Cu and Ni are +1 and +2, respectively, CuNiSb, can
331 be ideally written as Cu'*Ni2*(Sb'57), or Cu'*Ni**(Sb,"".
332 The real interactions between atoms in intermetallic
333 compounds are complicated, and more discussions are
334 included in the electronic structure section. On the basis of
335 the observed bond distances, the three-dimensional layered
336 framework of CuNiSb, is mainly constructed by Ni-Sb, Cu-Sb,
337 and Cu-Ni bonds.

338 CuNiSb, is a rare example of a ternary “112” transition metal
339 pnictide with a metal-ordered NiAs-derived structure, consid-
340 ering that MnNiSb,, MnCrSb,, and CrNiSb, all adopt the
341 NiAs-type (P6;/mmc) structure with disordered metals.”**"*!
342 The covalent radii difference (0.15 A) between Cr (r = 1.39
343 A)/Mn (r = 1.39 A) and Ni (r = 1.24 A) is larger than that
344 (0.08 A) between Cu (r = 1.32 A) and Ni (r = 1.24 A).*® The

34S
346

different Cu-Sb and Ni-Sb covalent bonding strength may be
responsible for stabilizing the metal ordering of the CuNiSb,
structure. The total energy of stabilizing the metal-ordered
NiAs-derived structure is lower than that of the NiAs-type
(P6;/mmc) structure, as discussed later in the electronic
structure section. The recent report of HfMnSb, is another
example of “112” pnictides with metal-ordering,” which is
attributed to the large size difference between Hf (r = 1.75 A)
and Mn (r = 1.39 A) atoms, similar to the scenario observed in
AuNiSn, and AuCuSn,.”

The average size of obtained polycrystalline particles is less
than 100 um, based on the SEM-EDX results (Figure S2).
EDX mapping and microanalysis of 1 mm X 1 mm area of 3s7
particles indicated the homogeneous distribution of Cu, Ni, 3s8
and Sb elements (Figure S). The molar ratio of Cu/Ni/Sb is
close to 1:1:2, which is good agreement with the Rietveld
refinement results. 361

The stability of the CuNiSb,-AP phase was studied via 362
thermogravimetric analysis (TGA) and differential scanning 363
calorimetry (DSC) technique (Figure 6). Powder samples
(~25 mg) were heated in an alumina crucible from 25 to 1200
°C, held at this temperature for 1 h, and then cooled down to
100 °C at a rate of 10 °C/min. The sample is stable below 800
°C, based on the relatively stable mass. However, the sample
mass starts decreasing above 800 °C, remains about 90% of its
initial mass as the temperature reaches 1200 °C, and drops to
70% after 1 h. After the TGA, the remaining sample was a
shinning ball, which was mainly a mixture of NiSb, Cu,Sb,
Cu;Sb, and Sb according to the PXD results (Figure S3). The
decrease in mass in the TGA at high temperature (Figure 6) is
due to the loss of Sb, which has a low melting point (630.6 °C)

348
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Figure 6. TGA-DSC data of CuNiSb,-AP measured between 25 and
1200 °C.

376 and high vapor pressure. Two obvious endothermal peaks were
377 observed in the DSC curve during cooling at 867 and 910 °C,
378 which is probably related to the recrystallization of the binary
379 pnictides (Figure 6). A small exothermal peak at 591 °C
380 observed during the heating process may be an indication of
381 the cation order to disorder process in the structure, which
382 requires in situ synchrotron or neutron diffraction for
383 confirmation in a future study.

384  Structure at High Pressure. Among all the reported 3d
385 transition metals “112”pnicitdes, CuNiSb, is the only example
386 that shows metal ordering, while MnNiSb,, MnCrSb,, and
387 CrNiSb, adopt the NiAs-type structure with disordered
388 metals.””**" Considering that MnNiSb, was prepared at
389 high pressure, we carried out the high pressure experiment to
390 investigate the possible structural transition. The CuNiSb,-AP
391 powders were assembled into a Walker-type multianvil high
392 pressure press. After applying the pressures (8 GPa), the
393 sample was heated at 700 °C for 1 h before quenching quickly
394 to room temperature. The resulting pellet (sample CuNiSb,-8
395 GPa) was ground and checked by PXD. In comparison to the
396 PXD pattern of CuNiSb,-AP, the intensity of the (001)
397 reflection seems to decrease as the pressure increases from 6 to
398 8 GPa. As discussed above, the absence of (001) reflection is a
399 signature of the formation of possible metal-disordered NiAs-
400 type structure. However, the (001) reflection is weak in the
401 PXD pattern of CuNiSb,-AP sample, and the intensity of this
402 easy-axis reflection may be reduced due to the strong preferred
403 orientation under the high pressure.

404  To examine if the structure of CuNiSb,-AP changes to NiAs-
405 type structure under high pressure, electron diffraction patterns
406 were taken (Figure 7). For electron diffraction patterns,
407 conclusions cannot be based on the presence of the (001) or
408 (010) reflections, as these could be caused by double
409 diffraction. However, the presence of the hhl:l = odd reflections
410 on the [310] electron diffraction patterns agrees with P3m1
411 but not with P6;/mmc, and their presence cannot be explained
412 through double diffraction paths. The results were consistent
413 for all particles for which this particular zone could be obtained
414 (8 for CuNiSb,-AP and 4 for CuNiSb,-8 GPa). These results
415 clearly indicate that NiAs-type (P65/mmc) structure under 8
416 GPa does not form. Rietveld refinement of SXRD data of
417 CuNiSb,-8 GPa sample was carried out with P3ml space
418 group and March-Dollase Multiaxial Function preferred
419 orientation function including (001) and (101) reflections,
420 which vyielded the refined unit cell parameters: a = b =

—_

[Sp-

o

[100] JAmbient [110]
.- @ 110

Figure 7. Representative electron diffraction patterns of CuNiSb,-AP
(a,b) and CuNiSb,-8 GPa (c, d).

4.05692(1) A, ¢ = 5.12467(1) A, V = 73.0446(1) A3. The a 421
parameter increases slightly, and the ¢ parameter and volume 422
decrease compared to those (a = b = 4.05685 A, ¢ = 5.13363 A, 423
V = 73.1701 A%) of CuNiSb,-AP (Table 1). The overall 424
structure is compressed slightly at 8 GPa. The initial model is 425
the same as used for CuNiSb,-AP with Cu and Ni occupying 426
the (0, 0, 0), and (0, 0, 1/2), respectively. However, the Sb 427
position shifts to (0, 0, 0.2461), in comparison to that (0, 0, 428
0.2731) of the CuNiSb,-AP sample, which causes the Cu-Sb 429
and Ni-Sb bond distances to become 2.6519 (3) A and 2.6882 430
(A) in CuNiSb,-8 GPa. The Sb position is close to the (0, 0, 431
0.25), and the almost equal M-Sb (M = Cu, Ni) bond 432
distances indicate that a model with disordered Cu/Ni on both 433
(0,0, 0), and (0, 0, 1/2) sites is more reasonable. Due to the 434
close electron density between Cu and Ni, however, a reliable 435
percentage of Cu/Ni on each site cannot be determined with 436
X-ray or electron diffraction. Therefore, the structure was 437
finalized with totally disordered Cu/Ni on both sites, as shown 438
in Table 1 and Figure 8. The Sb position shift is mainly 439 8
responsible for one Sb-Sb bond distance to increase, and the 440
other one to decrease, as shown in Table 2. However, the Cu- 441
Ni distance is only related to the unit cell parameter ¢, and 442
therefore it decreases as expected, when the unit cell parameter 443
¢ decreases under 8 GPa. The CuNiSb,-8 GPa sample was 444
obtained at 700 °C for 1 h, and the high temperature probably 445
causes the Cu/Ni atoms to migrate between (0, 0, 0) and (0, 0, 446
1/2) sites around 591 °C as indicated in the DSC plot (Figure 447
6), or both high pressure and high temperature cause the 44s
structural transition. 449

Single Crystal Structure. Single crystals were grown using 4s0
CuNiSb,-AP as the starting material and AICl; as the transport 451
reagent at 800—765 °C. A few small (<0.1 mm) crystals were 4s2
obtained and selected for the single crystal X-ray diffraction 4s3
measurement. The data collection was carried out at 150 K 454
instead of 300 K, because of the low freezing point of the 4ss
mineral oil used to support the single crystal. The trigonal 456
crystal system is confirmed with the P3m1 space group. On the 457
basis of the electron density, transition metals occupy the (0, 0, 4ss
0) and (0, 0, 1/2) sites, and Sb atoms occupy the (0, 0, 459
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Figure 8. Rietveld refinement of SPXD of CuNiSb,-8 GPa in the
P3ml space group with observed data (pink), calculated pattern
(black), Bragg position (green), and the difference between the
observed and calculated pattern (blue).

460 0.2530) site. The position of Sb is nearly identical to that of
461 CuNiSb,-8 GPa sample. Similarly to the refinement of
462 CuNiSb,-8 GPa sample, the best single crystal refinement is
463 obtained by assigning disordered Cu/Ni on both (0, 0, 0) and
464 (0, 0, 1/2) sites, which in the single crystal case apparently also
465 contain 5% vacancies. The refined structural information and
466 related parameters are given in Tables land 2 and S1. The
467 refined unit cell parameters (a = b = 3.9692 A, ¢ = 5.1297 A, V
468 = 69.989 A®) are significantly smaller than those of CuNiSb,-
469 AP (a = b = 4.05685 A, ¢ = 5.13363 A, V = 73.1701 A®) and
470 CuNiSb,-8 GPa (a = b = 4.05692 A, ¢ = 5.12467 A, V =
471 73.0446 A%) samples. The crystal structure is relatively
472 compressed within the ab plane at the low temperature. The
473 refined Cu/Ni-Sb distances are 2.6185 (2) and 2.6337 (2) A
474 and are smaller than those in both polycrystalline phases, due
475 to the smaller a and b parameters. As shown in Table 2, the M-
476 M (M = Cu, Ni) and Sb-Sb distances are comparable to that of
477 the CuNiSb,-8 GPa sample, because of the similar ¢ parameter
478 and identical Sb positions. The cation disorder in the single
479 crystal is consistent with the use of high temperatures during
480 the crystal growth.

481 Physical Properties. Magnetic susceptibility as a function
482 of temperature was conducted on CuNiSb,-AP powder
483 samples with an applied magnetic field of 1 T. The data is
484 noisy due to the weak signal of magnetic susceptibility (~3 X
485 107" emu/mol at 2 K). The bump at 75 K is due to the
486 transition from paramagnetic (<75 K) to diamagnetic (>75 K)
487 region with raw data above 75 K being negative. The
488 diamagnetic correction was approximately carried out by
489 subtracting the reported Pascal constants of Cu* (—12 X 107°
490 emu/mol), Ni** (=12 X 107® emu/mol), and covalent Sb (III,
491 =74 X 107 emu/mol).%” The overall trend shown in Figure 9
492 indicates that CuNiSb,-AP is Pauli paramagnetic, which is
493 similar to the magnetic behavior observed in NiSb.**

494  CuNiSb,-AP powder samples were pressed into a dense
495 pellet (91% density) to measure the thermoelectric properties
496 because some related “112” materials such as CuTmTe, and
497 AgTmTe, have shown good properties.'”'® The PXD pattern
498 of the dense pellet indicates that the phase does not change
499 after the SPS treatment (Figure SS). Resistivity (p) was
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Figure 9. Temperature-dependent magnetic susceptibility of
CuNiSb,-AP with an applied magnetic field of 1T.

measured from 2 to 300 K with the thermal transport option s00
(TTO) two-point method with a PPMS. The alternating so1
current (AC) four-point measurement transport option was 502
not carried out. In low resistivity systems, it is known that so3
using a two-probe method can overestimate resistivity by up to so4
an order of magnitude due to contact resistance.” The sos
resistivity increases as the temperature increases from 2 to 300 so06
K, which indicates that the sample is metallic (Figure 10), but 507 f10
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Figure 10. Electrical resistivity as a function of temperature. The inset
shows the fitting with p = p , + AT" below 30 K.

the high residual resistivity at low temperature implies that this s0s
material falls in the range of a bad metal. Fitting the data below s09
30 K with the function p = p, + AT" yields p = 3.5 + 9.5T%, s10
which suggests electron—electron correlations and also some s11
contributions from phonons.”” Due to the metallic con- si2
ductivity, the high thermal conductivity (~15 W/K-:m at 300 s13
K) (Figure 11) is expected. The Seebeck coefficient (~ 1 uV/ s14f11
K) is also very small (Figure S6), which renders this material a s1s
poor thermoelectric. 516

Electronic Structures. Unlike “112” chalcogenides such as s17
LiCrQ, (Q =S, Se, Te), in which the formal oxidation states of 518
cations and anions can be assigned as +1, + 3, —2, respectively, 519
based on the Zintl—-Klemm concept that more electropositive 520
elements are electron donors such as alkali, alkaline earth, and s21
rare earth elements. The discussed formal charge above in s22
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Figure 11. Thermal conductivity as a function of temperature.

523 Cu'Ni**Sb,®” cannot be simply interpreted using Zintl—
524 Klemm concept due to 3d electrons. This interpretation is in
525 contrast to the electronic structure in which the valence band is
526 mainly composed of transition metals Cu-d and Ni-d instead of
527 Sb-p orbitals (Figure 12). The density of states (DOS) of

Eg. [ Total
: ——Cu
e N
——Sb

DOS,state/(eVe cell)
omN & o @35 H R

4 2 0 2 4 6
Energy, eV

1
[o)]

Figure 12. Density of state (DOS) of CuNiSb,-AP.

528 CuNiSb,-AP was calculated using both LMTO (Figure 12)
529 and Wien2k (Figure S7) software that resulted in very similar
530 results. The DOS of Cu, Ni, and Sb are distributed over the
531 whole energy range from —6 eV to the Fermi level in the
532 valence band, which suggests the strong hybridization between
533 Cu/Ni and Sb with covalent bonding as the major bonding
534 character.

535 The nonzero DOS at the Fermi level (Eg) indicates the
536 metallicity of the compound, which is in agreement with the
537 experimental resistivity measurement (Figure 10). The
538 maximum DOS of Ni and Cu orbitals locates at lower energy
539 (~ —2, —3.5 eV, respectively) below the Ep. The metallic
s40 nature and small DOS (small effective mass) at the Ej explain
s41 the small Seebeck coefficient observed in CuNiSb,-AP. To
s42 understand that CuNiSb,-AP adopts the metal-ordered NiAs-
543 derived structure (P3m1) instead of a metal-disordered NiAs-
s44 type structure (P6;/mmc), we simulate the disordered NiAs
s4s structure with virtual crystal approximation (VCA). The

calculations indicate that the energy of CuNiSb, in P3ml
space group is much lower (19.9 eV/fu.) than that in the P65/
mmc space group. We also carried out the CuNiSb,-8 GPa
phase with metal-ordered NiAs-derived structure (P3ml)
using the unit cell parameters from the Rietveld refinement.
The DOS is very similar to that of the CuNiSb,-AP phase.
Even though it is hard to precisely calculate the electronic
structure of the CuNiSb,-8 GPa phase with the metal-
disordered structure in the P3ml space group, the overall
shape of DOS is probably the same.

To understand the bonding nature in CuNiSb,, we carried
out the crystal orbital Hamilton population (COHP) analysis
of Ni-Sb, Cu-Sb, Cu-Ni, and Sb-Sb. The positive and negative
—COHP represents bonding and antibonding, respectively. As
shown in Figure 13, Ni-Sb and Cu-Sb bonding states locate
mainly below the Ep with weak bonding at the Ep. The
nonbonding character of Ni-Sb is mainly at energy higher than

the Eg up to 3 eV. The Ni-Sb and Cu-Sb covalent bonding are
1.2 Er: Ni-Sb (2.62 A)
0.8

-ICOHP = 5.15/bond]

. Cu-Sb (2.73 A)
JCQHP = 3.16/bond

0.41
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Figure 13. Crystal orbital Hamilton population (COHP) plots of Ni-

Sb (a), Cu-Sb (b), Cu-Ni(c), and Sb-Sb (d) interactions in CuNiSb,-
AP.
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Figure 14. Structure of CuNiSb,-AP with a (110) slice of ELF (a), electron localization function (b), and particle charge density distribution

integrated from Ep — 2 eV to Eg (c) in the (110) plane.

se4 expected based on the bond distances observed, as discussed
s6s above, which is corroborated by the large negative integrated
s66 COHP (-ICHOP) of Ni-Sb (5.15 eV/bond) and Cu-Sb (3.16
s67 eV/bond). The higher magnitude of -ICHOP of Ni-Sb is
s68 consistent with a stronger covalent bond in Ni- Sb than in Cu-
569 Sb. The Cu-Ni bonding states are also observed at and near the
570 Eg, with the overall — ICHOP of 1.49 eV/bond, which is
571 smaller than those of Cu/Ni-Sb. The antibonding states of Sb-
572 Sb exist at the Er but there are bonding characters in energy
573 ranges of —6 eV to —4 eV and —2 eV to —1 eV. The overall—
574 ICHOP of 0.83 eV/bond suggests weak Sb-Sb interactions in
575 the structure.

576  The bonding nature of CuNiSb, is further studied with
577 electron localization function (ELF) and charge density
s78 distribution (Figure 14). A slice of ELF that included all Cuy,
579 Ni, and Sb atoms are shown in Figure 14b, with the
sso corresponding charge density distribution displayed in Figure
s81 14c. The highest electron localization is around Sb atoms, and
582 there are electrons distributed between the nearest Sb atoms.
583 The larger area of lowest electron localization around Ni than
s84 that of Cu indicates that Ni shared more electrons with Sb
sss atoms for forming the Cu/Ni-Sb bond. However, a maximum
586 is not observed between Cu/Ni-Sb to directly confirm the
sg7 covalent bond using ELF analysis. The charge density
sss distribution clearly shows the highest charge around Ni
s89 atoms and its extension to neighboring Sb atoms, indicating
s90 strong Ni-Sb bonding. Cu-Sb and Cu-Ni bonding also exist
591 based on the charge density distribution. The absence of the
s92 minimum of electron localization and charge density between
593 Sb atoms indicates the existence of the weak Sb-Sb bonding.
s94 Both ELF and charge density distribution results support the
s9s COHP analysis with the bonding strength decreases in the
s96 order of Ni-Sb, Cu-Sb, Cu-Ni, and Sb-Sb bonding.

so7 I CONCLUSION

s98 Polycrystalline CuNiSb, was successfully synthesized at
599 ambient pressure for the first time with a two-step solid-state
600 method. Single crystals were also obtained by chemical vapor
601 transport. Rietveld refinements based on synchrotron X-ray
602 diffraction data indicate that CuNiSb, adopts a cation-ordered
603 NiAs-derived structure type in P3ml space group instead of
604 NiAs structure (P6;/mmc), which is ascribed to the
605 significantly lower energy of the ordered structure relative to
606 the disordered one as confirmed by first principle calculations.
607 The structure is constructed by Ni-Sb, Cu-Sb covalent bonds,
608 Cu-Ni metallic bonds, and weak Sb-Sb interactions, which is

supported by the bond lengths, calculations of COHP, ELF, 609
and charge density. The space group symmetry remains 610
unchanged when the sample is pressed at 8 GPa high pressure 611
and 700 °C, but the cations appear to disorder, which is also 612
observed in the single crystal structure refinement. The analysis 613
of the specific effect of high pressure on the structure is in 614
progress and will be reported in due course. Both the 615
temperature dependence of resistivity and the calculated 616
DOS indicate that CuNiSb, is metallic. The Pauli para- 617
magnetism, low Seebeck coefficient, and high thermal 618
conductivity indicate that CuNiSb, is not a potential magnetic 619
or thermoelectric material. However, CuNiSb, represents a 620
rare case of “112” in ternary pnictides and provides a reference 621
for further study of “112” compounds of which many are 62
predicted to be promising thermoelectrics.””> More “112” 623
ternary pnictides such as T,T,Pn, or RTPn, (T = transition 624
metal, R = rare-earth metal) with metal-ordered NiAs-derived 625
structure require further exploration using solid-state methods 626
at ambient and high pressure and/or other synthetic methods 627

including Sb, Bi, and salt fluxes. 628
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