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The search for novel structures and chemical stoichiometry of binary Ir-Sb compounds is of great
importance in view of their catalytic applications. Based on the results of swarm structure searching
technique combined with density functional theory, we proposed the hitherto unknown Ir—Sb phase
diagram in a wide pressure range with various chemical compositions. Besides two ambient pressure
phases of IrSbs-Im3 and IrSb,-P2,/c, five novel phases of IrSb-C2/c, IrSb-P1, IrSb,-P421m, IrSby-14/
mmm and Ir,Sb-Pmmn were identified at high pressures. The phonon dispersion curves reveal that these
phases are all dynamically stable. The calculated electronic results show that a mixed behavior of

covalent, ionic and metallic bonds simultaneously exits in these novel phases. A pressure-induced
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band structures, while is not shown in other stoichiometries of the Ir—Sb system. Our work provides

DOI: 10.1035/d0ra01629b a potential opportunity for experimental synthesis of crystal structures with different chemical
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Introduction

Transition-metal compounds have aroused a great deal of
interest from researchers due to their fundamental physics and
as potential candidates for thermoelectric energy converters.'™*
Binary transition-metal antimonides are considered as impor-
tant functional materials exhibiting a range of potential appli-
cations for superconductivity and as lithium ion battery anode
materials.>” However, it is still a major challenge to experi-
mentally synthesize transition-metal antimonides with novel
structures and chemical stoichiometry in general under
ambient conditions, because of the requirement for high
temperatures and multi-step reactions under vacuum.* Fortu-
nately, recent studies experimental synthesis has made several
successes to synthesize several transition-metal antimonides,
e.g., arsenopyrite-type structure of CoSb,,'>** skutterudite-type
structure of CoSb;,"** nickel arsenide-type structure of NiSb
and CoSb,'*** marcasite-type structure of NiSb,,'® and anti-PbCl-
type structure of Cu,Sb."”
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stoichiometries of the binary Ir—Sb system.

High temperature phase diagram of intermetallic compounds
Ir-Sb was reported in the 1950s based on metallographic,
thermal and X-ray analyses."” The melting points were deter-
mined from cooling curves of alloys prepared from chemically
pure components. Hexagonal NiAs-type IrSb was obtained
according to metallographic observations of alloys after anneal-
ing 1500 K.* The melting point of IrSb, is higher than 1050 K,
while IrSb; forms by a peritectic reaction of 1126 K.** Moreover,
pressure induced irreversible isosymmetric transition of IrSb; by
the X-ray diffraction up to 43 GPa have been reported.”*** Because
of its relatively opened structure, it is expected to exhibit inter-
esting behavior under high pressure. This void space can be filled
with different atoms such as La or Ge to obtain the related family
of compounds called filled skutterudites or stuffed skutter-
udites.” Filled skutterudite compounds have been considered as
potential candidates for thermoelectric applications.*** Inter-
estingly, it could be interpreted as a pressure-induced self-
insertion reaction which could be effectively improved the ther-
moelectric properties.

Utilizing the first-principle calculations combined with
Boltzmann transport equation (BTE) and semiclassical analysis,
high figure of merit zTs of 1.45 are obtained in n-type doped
IrSb; at higher pressure.”® These studies show that pressure
plays a powerful role to tune the thermoelectric properties.”
Thus, it is necessary to systematically investigate the crystal
structure with various iridium antimonies stoichiometry and
explore the corresponding bonding characterizes under high
pressure.
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In this paper, we have explored the binary Ir-Sb phase
diagram via a first-principles swarm-intelligence structure
search and established a comprehensive understanding of the
evolution of its crystal structures at 0-100 GPa. In addition to
reproducing the known IrSb-P6;/mmc, IrSb,-P2;/c and IrSbs,-
Im3, the five novel high-pressure phases of Ir,Sb-Pmmn, IrSb-
C2/c, IrSb-P1, IrSb,-P421m and IrSb,-I4/mmm become energeti-
cally stable at 4.2 GPa, 16.4 GPa, 76.5 GPa, 45 GPa and 59.2 GPa,
respectively. The electronic properties have been comprehen-
sively investigated.”®?® Interestingly, pressure-driven evolution
of the electronic topology transitions in IrSb,-P4/nmm phase has
been confirmed. Furthermore, the pressure-induced different
bonding characters are shown in these antimonies. Our result
represents a significant step toward understanding the struc-
tural and electrical behavior of the binary Ir-Sb system under
extreme condition.

Results and discussion

We have performed systematic structure prediction for Ir-Sb
system by variable-cell simulation with cell sizes of 1-4 formula
units (f.u.) at 0-100 GPa. The crystal structure with the lowest
energy was predicted under different pressures, and the
enthalpies formation of AHy for the iridium antimonies stoi-
chiometry can be obtained in the structure search at varying
pressures, as shown in Fig. 1. The relative thermodynamic
stability of different Ir-Sb compounds with respect to elemental
solids Ir and Sb is calculated according to the following equa-
tion: AH{Ir,Sby) = [H(Ir,Sb,) — xH(Ir) — yH(Sb)]/(x + y). In the
formula, H(Ir,Sby) represents the enthalpy of the structure in
the range of stable pressure, and H(Ir) and H(Sb) represent the
enthalpy of the Ir atom and the Sb atom at the corresponding
pressure. Then, we construct the convex hull data for Ir-Sb
system at each pressure. Solid star indicates thermodynamically
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Fig.1 Relative enthalpies of formation of Ir—Sb phase with respect to
elemental iridium and stibonium solids. The convex hulls connecting
stable phase (solid star) are shown by solid lines. Unstable/meta stable
phase are shown by open star.
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stable phases and the unstable or meta-stable phases are
expressed by hollow star.

The built pressure-composition phase diagram of the Ir-Sb
system is shown in Fig. 2, with the stable structures identified
using colors and space groups. At ambient pressure, the already
known stoichiometries of IrSb;-Im3 and IrSb,-P2,/c are well-
reproduced in our structural search calculations in Fig. 3(a)
and (b). However, it is to be found that experimental phase of
the ground state IrSb (space group P6s/mmc) tend to decompose
into IrSb, phase in our pressure-composition phase diagram.
Moreover, the optimized crystal parameters of IrSb, (space
group P2,/c) are a = 6.734 A, b = 6.675 A, ¢ = 6.831 A in good
well with the experimental values of a = 6.600 A, b=6.500A,c=
6.700 A, and that of in IrSb (space group P6,/mmc) are a = b =
4.082 A, ¢ = 5.634 A also consistent with the experimental values
of a = b = 3.978 A, ¢ = 5.521 A,%*® validating that our adopted
structure searching method and PBE functional are applicable
to the Ir-Sb system. No imaginary frequency is observed
throughout the whole Brillouin zone, which indicates that the
five novel phases are dynamically stable in the pressure region
from this study, as shown in Fig. 4. The five novel phases of
IrSb,-P421m, IrSb,-I4/mmm, IrSb-C2/c, IrSb-P1 and Ir,Sb-Pmmn
are stable shown in Fig. 3(c)-(g) under high pressure and the
crystal structure and physical properties of these structures will
be examined in detail next. IrSb; is crystalized in a skutterudite-
type structure, which can be also considered as a body centered
cubic structure with a space group of Im3 in Fig. 3(a). The
antimonies atoms form planer, rectangular Sb, square with Sb-
Sb distance of 3.033 A. High-pressure calculations shows that
the cubic IrSb;-Im3 will be stability up to 22.2 GPa.

At ambient pressure, the IrSb,-P2,/c has a monoclinic
symmetry in Fig. 3(b). Four Ir atoms and eight Sb atoms occupy
the Wyckoff 4e site in the unit cell, respectively. In this struc-
ture, each Ir atom is coordinated to six Sb atoms in an octahe-
dron environment, connected by an antimony bridge. The bond

3 P2/
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P2 /e | P-42|m | 14/mmm
IrSb, T T
P6 /mmc 3

IrSh __{__: C2/e : P-1

CZ{m Pmmn
Ir,Sb ¢

" 1 " 1 " 1 A 1
0 20 40 60 80 100
Pressure(GPa)

Fig. 2 Pressure-composition phase diagram of Ir—Sb compounds.
Blue and red colors represent the metallic and insulating phases,
respectively. The solid (dash) lines represent stable (metastable)
phases.
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Fig. 3 Stable crystal structures of the considered Ir—Sb system for (a) Im3 structure of IrSbs, (b) P2,/c structure of IrSb,, (c) P421m structure of
IrSb, (d) 14/mmm structure of IrSb,, (e) C2/c structure of IrSb, (f) PT structure of IrSb and (g) Pmmn structure of Ir,Sb. The large (blue) and small
(pink) spheres are Ir atom and Sb atom, respectively. The atomic positions are Ir at Wyckoff 8c (0.750, 0.250, 0.250) and Sb at 24g (0.500, 0.161,
0.346) for Im3; the atomic positions are Ir at Wyckoff 4e (0.229, —0.000, 0.790) and Sb at 4e (0.844, 0.863, 0.823) and 4e (0.351, 0.635, 0.878) for
P2,/c; the atomic positions are Ir at Wyckoff 4e (0.676, 0.824, 0.227) and Sb at 4e (0.778, 0.722, 0.606), 2a (0.000, 0.000, 0.000) and 2c (0.500,
0.000, 0.858) for P421m; the atomic positions are Ir at Wyckoff 2a (0.000, 0.000, 0.000) and Sb at 4e (0.500, 0.500, 0.151) for [4/mmm:; the
atomic positions are Ir at Wyckoff 8f (0.400, 0.673, 1.361) and Sb at 8f (0.000, 0.500, 0.152) for C2/c; the atomic positions are Ir at Wyckoff 2i
(0.217, 0.525, 0.204) and 2i (0.676, 0.877, 0.183) and Sb at 2i (0.200, 0.032, 0.297) and 2i (0.722, 0.393, 0.289) for PL; the atomic positions are Ir at
Wyckoff 2a (0.000, 0.000, 0.077), 2b (0.500, 0.000, 0.578) and 4e (0.000, 0.166, 0.612) and Sb at 4e (0.000, 0.350, 0.900) for Pmmn.

(a) IrSb,-(P-42,m)-45 GPa  (b) IrSb,-(J4/mmm)-59.2 GPa
8
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Fig.4 Phonon-dispersion curves and PHDOS projected on Ir atoms and Sb atoms for (a) IrSb,-P421m at 45 GPa, (b) IrSb,-14/mmm at 59.2 GPa,
(c) IrSb-C2/c at 16.4 GPa, (d) IrSb-PT at 76.5 GPa, and (e) Ir,Sb-Pmmn at 4.2 GPa.
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(b) IrSby-(I4/mmm)-59.2 GPa
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Fig. 5 Electronic band structure and the PDOS on Ir atoms and Sb atoms for (a) IrSb,-P421m at 45 GPa, (b) IrSb,-/4/mmm at 59.2 GPa, (c) IrSb-
C2/c at 16.4 GPa, (d) IrSb-PTI"at 76.5 GPa, (e) Ir,Sb-Pmmn at 4.2 GPa, and (f) Ir,Sb-Pmmn at 8 GPa. Note that zero energy is at the Fermi level.

length of Ir-Sb and Sb-Sb is 2.688 and 2.902 A, respectively. At
45 GPa, the simulated IrSb,-P421m phase becomes more
favorable, which has a tetragonal primitive symmetry with
lattice parameters of a = b = 5.854 A, and ¢ = 6.196 A in Fig. 3(c).
In this case of the IrSb,-P421m phase, four Ir atoms occupy the
wyckoff 4e site and six Sb atoms lie in 4e, 2a, and 2c sites in the
unit cell, respectively. Each Ir atom is coordinated to five Sb
atoms formed a quadrangular pyramid. Interestingly, the anti-
mony atoms consist of Sb; unites with the Sb-Sb distance of
2.782 A, which join the neighbor six quadrangular together. In
the IrSb,-I4/mmm phase, it has a tetragonal primitive symmetry,
its equilibrium lattice parameters are a = b = 2.955 A, and ¢ =
11.218 A at 59.2 GPa in Fig. 3(d). Two Ir atoms occupy the

19188 | RSC Adv, 2020, 10, 19185-19191

Wyckoff 2a site and four Sb atoms lie in 4e site in the unit cell.
The IrSb,-I4/mmm phase consists of alternate Ir and Sb layers
atoms, with the Sb-Sb distance of 2.955 A in the square layer,
which is larger than that of 2.782 A in IrSb,-P421m.

The optimized structure of IrSb-C2/c has a monoclinic
structure at 16.4 GPa. At pressure of 76.5 GPa, the IrSb-C2/c
transforms into an anorthic IrSb-P1 structure. In the IrSb-C2/c
phase, with lattice parameters of a = 11.207 A,b=5.326A,and ¢
=5.061 A, and a = y = 90.0°, § = 110.7° at 16.4 GPa in Fig. 3(e).
Eight Ir atoms occupy the Wyckoff 8f site and eight Sb atoms lie
in the 8f site in the unit cell. Each Ir atom is coordinated to five
Sb atoms to form an octahedron in a unit cell. In the IrSb-P1
phase, it belongs to a triclinic system, with lattice parameters of

This journal is © The Royal Society of Chemistry 2020
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Fig.6 Contours of the ELF for the structures of (a) IrSb,-P421m, (b) IrSb,-14/mmm, (c) IrSb-C2/c, (d) IrSb-PL, and (e) Ir,Sb-Pmmn with isosurface

of 0.8.

a=4.812A, b =5.034 A, and ¢ = 5.033 A, and « = 98.8°, 8 =
99.6°, ¥ = 92.1° at 76.5 GPa in Fig. 3(f). Four Ir atoms occupy the
Wyckoff 2i site and four Sb atoms lie in the 2i site in the unit
cell. Each Ir atom is coordinated to six Sb atoms to form an
octahedral structure in a unit cell. The optimized structure of
Ir,Sb-Pmmn has a tetragonal structure at 4.2 GPa. In this
structure, lattice parameters are a = 3.874 A, b=12.479A,and ¢
= 4.183 A at 4.2 GPa in Fig. 3(g). Eight Ir atoms occupy the
Wyckoff 2a, 2b and 4e sites and four Sb atoms lie in the 4e site in
the unit cell. Each Ir atom has adopted the four nearest
neighboring Sb atoms forming planar structure. The refined
cation-anion bond length is 2.740 A. The current theoretical
phonon dispersion curves and phonon density of states
(PHDOS) have evidence of the absence of any imaginary
dynamical vibration in the whole Brillouin zone for the novel
five structures, as shown in Fig. 4.

To study the chemical bonding and electronic properties of
the five novel phases of IrSb,-P421m, IrSb,-I4/mmm, 1rSb-C,/c,
IrSb-P1 and Ir,Sb-Pmmn, we have calculated the energy band
structure, projected density of states (PDOS) and the electron
localization function. As shown in the calculated PDOS
(Fig. 5(a)-(e)), several electric bands cross the Fermi energy
along high-symmetry directions in these structures. The results
show the metallic characters for the five novel phases. More-
over, PDOS raises overlap between Sb 5p and Ir 5d orbitals
below the Fermi level, indicating charge transfer from Sb 2p to
Ir 5d. The electrons transferred are responsible for the relatively
low difference of electronegativity of antimony (2.05) and
iridium (2.20). The presence of strong Ir 5d component above
the Fermi level indicates the depletion of 5d electrons in Ir
atoms. This is further supported by the formation of Ir-Sb ionic

This journal is © The Royal Society of Chemistry 2020

bond by the electron localization function (ELF) analysis in
Fig. 6(a)-(e).

A metallic Ir-Ir behavior can be observed near 0.5 ELF value.
Moreover, the ELF appears Sb trimers in IrSb,-P421m is illus-
trated in Fig. 6(a).® The strong electron localization between
Sb-Sb trimers indicates that the strong Sb-Sb covalent bonds
bridged the Ir-Sb unites. The lack of electron density between Ir
and Sb atom suggests extremely weak interactions between
metal atoms in IrSb,-I4/mmm (Fig. 6(b)). In Fig. 6(c)—(e), the
information of Ir-Sb ionic bond and the electron localization
around Sb atoms are shown in the ELF analysis.

We employ the Bader charge analysis, which provides
a description of electron transfer, to quantify the amount of
charge belonging to each atom at different stoichiometries.**
The calculated charge amounts are 9.88 (4.56), 9.64 (4.68), 9.66
(4.34), 9.69 (4.30) and 9.43 (4.10) electron for Ir (Sb) in IrSb,-
P421m, 1IrSb,-I4/mmm, IrSb-C,/c, IrSb-P1 and Ir,Sb-Pmmn pha-
ses, respectively. This results reveal that the charge states of Ir
and Sb atoms change with pressure-induced transition and
a peculiar reverse electron donation from Sb to Ir atoms.
Accordingly, in Ir-Sb system, the bond between Ir and Sb atom
shows evident ionic character and a little covalent bond exists
between Ir and Sb atoms at the same time.

It is worth noting that an electronic topological transition
can occur at doping, high pressure, temperature or other
external reagents alter the Fermi surface of an electronic system
that has significant impacts on the corresponding physical and
chemical properties.**** Therefore, we have checked the
potential pressure-induced electronic topological transition in
Ir,Sb-Pmmn. As shown in Fig. 5(e), it is found that there is no
band near the X point at 4.2 GPa. As the pressure increases, the

RSC Adv, 2020, 10, 19185-19191 | 19189
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band moves down and approaches to the Fermi level at point X.
Fig. 5(f) clearly shows that the red band along S-X-U is not fully
occupied at 8 GPa and will form a hole pocket near the Fermi
surface. Current theoretical predictions suggest that an elec-
tronic topological transition occurs in the Ir,Sb-Pmmn
structure.

In summary, the unbiased structure searching and density
functional theory calculations are performed to explore the
pressure-stabilized phases of Ir-Sb compounds under high
pressure with a wide range of concentrations. Five novel phases
of IrSb,-P421m, IrSb,-I4/mmm, IrSb-C2/c, IrSb-P1 and Ir,Sb-
Pmmn were identified at high pressure. The theoretical phonon
dispersion curves suggest that all these phases are dynamical
stable. The calculated electronic band structures and density of
states suggest that they are metallic. A pressure-induced elec-
tronic topological transition has been found in an Ir,Sb phase.
Accordingly, the electronic bonding states show evident cova-
lent character in all of these five novel phases. The Bader charge
analysis reveals that prominent electrons transfer from Ir to Sb
atom in these novel phases are responsible for the ionic
bonding feature of these compounds. The present findings
establish the pressure-composition phase diagram of Ir-Sb
system and corresponding electronic properties, which offer
guidance for further fundamental understanding and experi-
mental synthesis.

Methods

Structure prediction

Crystal structure prediction was performed at pressures of 0-
100 GPa via an unbiased swarm intelligence based CALYPSO
(Crystal structure AnaLYsis by Particle Swarm Optimization)
method,**** which was designed to search for the most stable or
metastable structures of given compounds.®”**

First-principles calculations

Structural optimizations, electronic structure and phonon
calculations, and molecular dynamics were performed in the
framework of density functional theory (DFT). The generalized
gradient approximation (GGA) expressed by the Perdew-Burke-
Ernzerhof (PBE) functional® as implemented in the Vienna Ab
initio Simulation Package (VASP)*** was adopted. The electron-
ion interaction was described by the projector augmented-wave
potentials, with 5d’6s> and 5s°5p> configurations treated as
valence electrons for Ir and Sb atoms are, respectively. The
cutoff energy of 600 eV and Monkhorst-Pack scheme with a k-
point grid of 27t x 0.03 A~* were adopted to obtain converged
total energies (~1 meV per atom).**** Phonon dispersions were
calculated using the supercell approach as implemented in
PHONOPY code with a displacement of 0.01 A for all calcula-
tion. 2 X 2x2,4Xx4xX1,1x2x2,2x2x2and3 x1x3
supercells were found to be large enough for obtaining the
converged dynamical matrixes for the P421m, I4/mmm, C2/c, P1,
and Pmmpn structures, respectively.”” For both heavy elements of
Ir and antimony-containing systems relativistic shifts in the
electron's atomic energy levels play a significant role.*®

19190 | RSC Adv, 2020, 10, 19185-19191
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Therefore, the spin orbital coupling (SOC) effect has been
considered for the calculations of electronic band structures.
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