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Abstract

Subchalcogenides are uncommon compounds where the metal atoms are in unusually low
formal oxidation states. They bridge the gap between intermetallics and semiconductors, and can
have unexpected structures and properties because of the exotic nature of their chemical bonding,
as they contain both metal-metal and metal-main group (e.g. halide, chalcogenide) interactions.
Finding new members of this class of materials presents synthetic challenges, as attempts to
make them often result in phase separation into binary compounds. We overcome this difficulty
by utilizing indium as a metal flux to synthesize large (mm scale) single crystals of novel
subchalcogenide materials. Herein, we report two new compounds IrIngQ (Q = Se, Te) and
compare their structural and electrical properties to the previously reported Ir.InsS analogue.
Ir,InsSe and Ir,InsTe crystallize in the P4,/mnm space group and are isostructural to Ir,InsS but
also have commensurately modulated (with g-vectors q = 1/6a* + 1/6b* and q= 1/10a* + 1/10b*
for Ir,IngSe and Ir,IngTe, respectively) low temperature phase transitions, where the chalcogenide
anions in the channels experience a distortion in the form of In-Q bond alternation along the ab

plane. Both compounds display re-entrant structural behavior, where the supercells appear on



cooling but revert to the original subcell below 100 K, suggesting competing structural and
electronic interactions dictate the overall structure. Notably, these materials are topological
semimetal candidates with symmetry-protected Dirac crossings near the Fermi level, and exhibit
high electron mobilities (~1500 cm* V' s at 1.8 K) and moderate carrier concentrations (~10%
cm®) from charge transport measurements. This work highlights metal flux as a powerful
synthetic route to high quality single crystals of novel intermetallic subchalcogenides.

Introduction

Among the several broad classes of materials, chalcogenides and intermetallics are
prominent, but very different from each other. The former are generally semiconductors, with
bonding that is a mix of both covalent and “salt-like” ionic character depending on the metals.
These materials are conventional and tend to follow the so-called 8-N octet rule, and because of
the ionic character of the bonding we consider the metal atoms to be oxidized with the electrons
fully transferred to the chalcogen atoms. Conversely, intermetallics do not obey the standard 8-N
rule, as they have metallic properties with very high carrier concentrations and bonding that is a
mixture of covalent and metallic. Metal atoms in intermetallics that form metal-metal bonds are
thought to have very low or zero oxidation states. Hybrid compounds that combine the bonding
features of chalcogenides (or halides) and intermetallics are rare.'? In such hybrids, we expect
the metals to have both covalent bonds to the chalcogen atoms, as well as metal-metal bonds to
each other with low oxidation states and only partially oxidized character.® These hybrid
compounds are therefore very metal rich and have technically subvalent metals.

Some known subchalcogenides and subhalides have attracted great interest as topological
materials, as their exotic bonding motifs have led to unusual surface states and Fermi surface
topologies, such as the cases of the weak topological insulator Bi;4sRhs;ly and Weyl semimetal
candidate Sn,Co;S,*"'? Other subchalcogenides exhibit charge density wave (CDW) behavior or

superconductivity, as their lower dimensionalities facilitate electron-electron interactions that



lead to these phenomena.”™ ' These discoveries, and the promise of new chemistry and physics
in these types of materials, motivate further studies into their synthesis pathways.

Chemically, subchalcogenides and subhalides derive from an intermetallic framework
that has been partially oxidized to have metallic and ionic regions. The comparatively
electronegative halide and chalcogenide ions act as electron density acceptors from the metal
atoms. Ruck and coworkers have done extensive work into developing methodology for ternary
bismuth subhalides.'*"” The synthetic methodology and bonding behavior of subchalcogenides,
however, is not fully understood. Many reported examples can form polar covalent bonds
between the chalcogen and metal atoms while still forming a partially oxidized, metal-rich
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structure, such as the cases of binary TaeS, ZryS,, and Nb4Ss. Ternary and multinary

subchalcogenides promise an even greater degree of structural diversity with novel structure
types and metal-rich substructures.'*

The main challenge with the development of new complex subvalent chalcogenides,
however, has been in their synthesis.”” *** Whereas flux-based methodologies for new materials
are known for chalcogenides and intermetallics, it is especially challenging to find proper
synthetic conditions that more reliably favor paths to subvalent chalcogenides.*** * This is
because of the tendency to phase separate into classical intermetallics and chalcogenides.
Therefore, development of the metal flux as a tool for novel subchalcogenide synthesis is
important since it also advances the synthesis science of this materials class.

Indium metal fulfills this need because it is a suitable reactive flux for chalcogen atoms
as well as heavy metals from the platinum group (e.g. Ir, Pt, Rh, Pd, Ru, Os). Since indium is

much less electronegative than the chalcogens and platinum group metals, it can reduce them and

act as a bridging element in forming metal-rich intermetallic chalcogenide frameworks. By



utilizing this approach, we can synthesize new subchalcogenides by altering the identity and
composition of the reagents. In doing so, we advance the synthetic methodology of an
underexplored class of materials which may harbor new or surprising physical properties.

We successfully applied this methodology to form a set of new subchalcogenide
materials from an indium flux, the compounds Ir,InsQ (Q =S, Se, Te). In this work, we describe
the synthesis methodology, crystallography, phase transitions, and charge transport
measurements of Ir,IngSe and Ir,IngTe, and compare them to the previously reported Ir,IngS.*
Both compounds have the same structure type as IrInsS, crystallizing in the P4,/mnm space
group at room temperature, where they exist as three-dimensional (3D) polyhedral frameworks
with chalcogenide ions in channels along the ¢ axis. Density functional theory and group
theoretical analysis shows that Ir,IngSe and Ir.InsTe are also Dirac semimetals (like Ir,IngS) and
this is corroborated by their moderate carrier concentrations (~10* ¢m™) and high electron
mobilities (~10° cm? V' s at 1.8 K). Ir,IngSe and Ir,IngTe undergo commensurately modulated
phase transitions at low temperature, but surprisingly both structures revert to their original
subcells below ~100 K. The sulfide analogue, in comparison, does not have supercell ordering,
but a sudden reduction in diffuse scattering below 230 K, indicating the absence of local
distortions in the structure below that temperature. Most prominent topological materials to date
have been found in the pool of already known compounds with similar crystal structures. The
successful synthesis of Ir,InsQ compounds using an indium metal flux reaction route, however,
highlights a new family of topological semimetal candidates available for investigation.

Experimental Details



Reagents. All reagents were used as obtained: Ir powder (99.5%, American Elements),
In teardrops (99.999%, Plasmaterials), Sulfur pieces (99.998%, Sigma Aldrich), Selenium pieces
(99.99%, American Elements), and Tellurium pieces (99.999%, Plasmaterials).

Synthesis. For Ir,InsSe and Ir;IngTe, Ir (0.05 mmol, 0.0961 g), In (20 mmol, 2.2964 g),
and either Se (2 mmol, 0.1579 g) or Te (2 mmol, 0.2552 g) were loaded into alumina crucibles.
For Ir;InsS, the molar ratios were different, as Ir (1 mmol, 0.1922 g), S (0.5 mmol, 0.0163 g), and
In (20 mmol, 2.2964 g) were required to form the desired product with minor amounts of Irln;
forming as a side product in some reactions. In all cases, a 100-mesh stainless steel filter was
placed on top of the alumina crucibles, and a small piece of alumina tubing was placed on top of
the filter as a counterweight. The crucible, filter, and tubing were loaded into 18 mm fused silica
tubes and sealed under vacuum at ~3 x 10~ mbar, and divots were made in the tube with the
flame after sealing to ensure that the set up stayed in place.* The reactions were heated to 1000
°C in 12 h, held there for 24 h, and cooled to 650 °C in 24 h. After being held at 650 °C for a few
hours, the tubes were removed from the furnace and immediately centrifuged to remove excess
indium flux. Residual indium on the surface of the crystals was removed by etching in dilute
(10% by weight) HCI for 2-3 hours, and then the crystals were filtered and washed with water
and acetone. The crystals are stable in water, acetone, and dilute HCI for at least 2-3 days. The
total yields for these reactions range from 50-75% by weight depending on the limiting reagent.

Single Crystal X-ray Diffraction. Crystals of Ir,InsQ were adhered to a glass fiber with
super glue. Single crystal x-ray diffraction was performed at ~298 K on a Bruker-APEX II CCD
diffractometer with MoKa radiation (A = 0.71073 A). The data for the subcells were integrated
using SAINT-v8.38A and the multi-scan absorption correction was applied using SADABS.*

The subcells were solved with intrinsic phasing in the SHELXT software package, and refined



with  SHELXL by the Least Squares method.”’” The superstructures were refined using
JANA2006 software.*® The crystallographic information for the structures can be found in Tables
1-2. Additional crystallographic information can be found in the supporting information.

Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS).
Scanning electron microscopy and semi-quantitative energy dispersive spectroscopy were
performed with a Hitachi S-3400 scanning electron microscope supplied with a PGT energy-
dispersive x-ray analysis attachment. EDS measurement parameters were 25 kV, 70 mA probe
current, and the acquisition time for each measurement was 60 s. EDS data were taken from flux-
grown single crystals of Ir,IngQ with well-defined faces (Figures S1-2).

Density Functional Theory (DFT) Calculations. Band structure calculations were
performed using Density Functional Theory (DFT) as implemented in the Vienna Ab initio
Simulation Package (VASP).”** The interaction between ion cores and valence electrons was
treated by the projector augmented-wave method (PAW), the generalized gradient approximation
(GGA) for the exchange-correlation potential with the Perdew-Burke-Ernkzerhof for solids
parametrization and spin-orbit coupling (SOC) was taken into account by the second variation
method.** A Monkhorst-Pack k-point grid of (8 x 8 x 8) for reciprocal space integration and
500 eV energy cutoff of the plane-wave expansion have been used.

Charge Transport Properties. Temperature dependent resistivity and Hall effect
measurements on single crystals of Ir,IngQ with approximate dimensions of 1 x 1 x 0.3 mm’
were conducted on a Quantum Design Dynacool Physical Property Measurement System
(PPMS) with a temperature range between 1.8 and 300 K. Resistivity was measured in a 4-point
collinear geometry and the Hall effect measured using two Hall voltage contacts placed

perpendicular to the axis of current flow. The magnetic field was applied perpendicular to the



axis of current flow from -9 to +9 T, and temperature and field were cycled multiple times to
confirm data reproducibility. Electronic conductivity and Hall effect measurements were
performed simultaneously on the same sample for Ir.IngSe and Ir,InsTe. To ensure stable, Ohmic
contact, Au metal pads were thermally evaporated on the samples and Au wires were attached

with silver paste (Dupont 4929N).

Heat Capacity. Heat capacity (C,) was measured using a Quantum Design Dynacool
PPMS between 1.8 and 300 K. Apiezon N grease was used to couple samples to the heat
capacity stage. Data were collected on warming.

Synchrotron X-ray Scattering. Temperature-dependent diffuse scattering data were
collected from single crystals at Sector 6-ID-D at the Advanced Photon Source using an incident
wavelength of 0.14255 A and a Dectris Pilatus 2M detector with a 1 mm-thick CdTe sensor
layer. Data were collected from 30 to 300 K with the sample cooled using He gas below 100 K
and N2 gas above 100 K. Crystals were affixed to Kapton capillaries using a binary epoxy.
During measurements, the sample was rotated at 1° per second over 365°, with images read out
every 0.1 s. Three sets of rotation images were collected at each temperature to fill in gaps
between detector chips, with a 15° w-rotation performed between each rotation scan to allow for
the masking of Compton scattering artifacts without losing coverage. The resulting images were
stacked into a three-dimensional array, oriented using an automated peak search algorithm, and
transformed into reciprocal space coordinates using the software package CCTW, allowing the
structure factor S(Q) to be determined over a large range of |Q| ~ +/- 15 in all directions.*
NeXpy software was used for analysis.

Results and Discussion



Synthesis. The metal flux has proven to be a powerful tool for growing large (mm scale),
high quality single crystals that are suitable for property measurements.***> > 2 Here we
utilized liquid indium to dissolve both iridium metal and the chalcogen of interest to access three
different isostructural compounds Ir,InsQ as large crystals, and thereby demonstrate the potential
to synthesize subchalcogenides with this method. Scanning electron microscopy (SEM) and
semi-quantitative energy dispersive spectroscopy (EDS) for the newly reported Ir;IngSe and
Ir,IngTe can be seen in Figures S1-2. In the case of the selenide and telluride analogue, the ratio
of Ir:In:Q was 0.5:20:2, and the yield was 70-75% based on the limiting reagent iridium.
Altering the ratios of iridium with Q (selenium or tellurium) did not significantly alter the yield
of the ternary product, and no other compounds were observed. Lowering the temperature from
1000 °C to 800 °C also did not change the identity of the final product, but the crystals tended to
be smaller and in lower yield. For the sulfide, the Ir:In:S ratio was 1:20:0.5, with a lower yield of
50-60% and a noticeably larger amount of secondary Irln; crystals. From one perspective, we
may consider the Ir,InsQ to be a chemical reaction adduct between two equivalents of IrIn; and
one of In,Q.

Structure. Ir,IngSe and Ir,IngTe crystallize in the same structure type as Ir.IngS in the
P4,/mnm space group. Crystallographic information, as well as selected bond distances, are listed
in Tables 1-2 and Tables S1-12. The structure is a 3D framework assembled by eight-coordinate
IrIns polyhedra with chalcogenide anions found in the channels along the ¢ axis, Figure 1. The
IrIns polyhedra (Figure 2) are distorted bicapped trigonal prisms that are corner sharing along the
a and b axes but alternate between corner and edge sharing along the c¢ axis, resulting in the
tetragonal nature of this compound. An In-In bond with nearly identical lengths for the sulfide

(2.6843(19) A) and selenide (2.6806(18) A), but longer for the telluride (2.712(3) A) connects



the edge-sharing polyhedra along the c¢ axis (see Table 2). The In-In bond in Ir,InsQ is shorter
than the In,?* dimer in InS (2.7624(4) A). The structure itself has similarities to the binary
intermetallic Irlns, as it also crystallizes in the P4,/mnm space group and has bicapped trigonal
prismatic Irlng polyhedra. However, the polyhedra in Irln; are face-sharing along the ab plane
and there are no large, clearly defined channels like with Ir,InsQ. The similarities between these
structures highlight the stable bonding preferences between Ir and In in an In-rich environment,
which can tolerate a small amount of oxidation by the chalcogenide anions to form
dimensionally reduced subchalcogenides with an open polyhedral framework. An analysis of the
Fourier difference maps for all three structures show consistent features, such as a noticeable
hole density on the indium atoms of the structure as well as minor hole density on the iridium
atoms. Due to the lower electronegativity of indium, it likely donates electrons to the chalcogen
atoms and, to a lesser extent, iridium, making the Ir-In polyhedral network have an overall
positive charge to compensate the chalcogenide anions in the channels along the ¢ axis. Given
the corner and edge-sharing connectivity of the Irlng polyhedra, as well as the In-In bonding
along the ¢ axis, there is likely an overall delocalization of the positive charge along the
framework, allowing for the semimetallic behavior shown in the electronic structure and charge
transport sections below.

By changing Q in the structure, the angles of the connecting polyhedra surrounding the
chalcogenide anions in the channels are distorted. For example, the In3-In3-In3 angle changes
from 82.737(14)° to 84.617(11)° to 86.533(11)° for the sulfide, selenide, and telluride analogues,
respectively. The polyhedral distortion is caused by the size differences of the Q* anions, as we
will see below they indirectly modify the electronic structure to cause significant changes in the

physical properties of each compound. These distortions change with temperature and manifest



as anomalous features in the temperature-dependent resistivity of each compound, as the sulfide
had a kink at 230 K, the selenide had a change in slope at 203 K, and the telluride had a large
peak that began at 150 K and ended at 110 K (see charge transport section below), and these
features are correlated with structural transitions in all three materials.

Re-entrant Structural Modulation. Because of the unusual electrical discontinuities
(presented below), we performed single-crystal diffuse x-ray scattering measurements at Sector
6-ID-D at the Advanced Photon Source at Argonne National Laboratory. Scattering data
allowed us to observe changes in weak Bragg reflections (supercells, incommensurate
modulation, etc.) as well as changes in diffuse scattering along several planes, coincident with
the presence of local distortions in the structure that otherwise were not detectable via laboratory
single-crystal x-ray diffraction. Single crystals of Ir.InsQ were measured at temperatures
between 30 K and 300 K (Figure 3). We see that the resistivity kink in Ir,IngS at 230 K is
associated with a change in diffuse scattering, as there are multiple discrete scattering rods at and
above the kink temperature that disappear below it (see Figure 3A). These effects reflect
structural distortions occurring on cooling and are likely caused by movement of the indium
atoms connecting the polyhedra. In particular, the source of the local distortion in Ir,InsS is likely
movement of the In(5) atom, as there is noticeable hole density on both sides of it in the Fourier
difference map of the structure at 299 K.

In contrast to Ir,IngS, Ir,IngSe and IrIngTe have three separate structural regimes: A
higher temperature regime (203 — 300 K for Ir,IngSe, 150 — 300 K for Ir;IngTe) where Bragg
reflections as well as diffuse scattering are present, a medium temperature regime (110 — 203 K
for Ir:IngSe, 100 — 150 K for Ir,IngTe) with supercell ordering, and a low temperature regime (<

100 K) with only Bragg reflections clearly observable (Figure 3B-C and Figures S3-4). The



temperature ranges of supercell ordering in the selenide and telluride analogues are consistent
with the transport anomalies and heat capacity data shown below. The appearance and
disappearance of the modulation, known as re-entrant behavior, is a rare feature that has only
been observed in one other system, to our knowledge, and could potentially be the result of
CDW behavior in these materials.’® Ir,InsSe and Ir,IngTe also have noticeable hole density near
the In(5) atom in their Fourier difference maps in the 299 K subcells, indicating that the source
of diffuse scattering in all three structures results from distortions of the Irlns polyhedra by
movement of the indium atoms. The distortion of these indium atoms also would distort the
position of the Q atom in each structure, explaining their relatively elongated anisotropic
displacement parameters (ADPs) at 299 K (see supporting information).

The supercell orderings had the g-vectors q = 1/6a* + 1/6b* and q= 1/10a* + 1/10b* for
Ir,IngSe and Ir,IngTe, respectively, indicating 6x6 and 10x10 supercells along the ab plane. By
identifying temperatures where the supercell reflections are at their strongest in both analogues,
we solved their commensurately modulated structures using laboratory single-crystal x-ray
diffraction, as seen in Figures 4-6 and Tables S13-S18. Both supercells are diagonally oriented
along the ab plane and adopt the Pm(af0)0 superspace group, where the position of the
chalcogenide atoms along the ab plane is modulated (Figure 4). The distortion reflects In-Q bond
alternation along the ab plane, with bond lengths ranging from ~2.8 — 4 A (Figure 5). Because of
the additional indium chalcogenide interactions, the square planar geometry in the subcell turns
into 5 and 6-coordinate In-Q environments in the supercell, where the extra In atoms are along
the axial plane (Figure 6). The resultant structural modulation is likely the coalescence of the
local distortions that caused the noticeable diffuse scattering in the high temperature subcells of

IrIngSe and Ir,IngTe to become supercell ordering. The movement of the In(5) and Q atoms in



each structure occurs in a sinusoidal pattern, where they distort to become closer together and
then farther apart, creating the modulated supercells for each structure. It is not obvious why
InIngSe and InInsTe have different commensurate supercells (6x6 as opposed to 10x10,
respectively), but it is likely attributable to differences in size and polarizability of their
respective chalcogen atoms.

The origin of the re-entrant behavior in both structures is not fully understood, but may
derive from competing structural and electronic distortions, and the charge transport data of
Ir,IngTe suggests that an energy gap could be opening because of the commensurately modulated
supercell. An energy gap, coincident with a modulated structural phase transition, resembles a
Peierls distortion that often leads to CDW behavior, where electronic instabilities cause periodic
modulations of conduction electrons that lead to structural transitions.”® If the re-entrant
modulation in both structures is the result of competing structural and electronic effects, the
amount of thermal energy in the system dictates which effect is stronger, explaining why the
supercells only exist in distinct temperature windows.

Electronic Structure. The calculated electronic band structures of Ir;IngSe and Ir,IngTe
are shown in Figure 7A-B. Both band structures have two tilted crossings along the I' — Z
direction below the Fermi level (8.2 and 9.8 meV below for the left and right crossing of
Ir,IngSe, 11.0 and 6.3 meV below for the left and right crossing of Ir.InsTe). The crossings are
like the isostructural Dirac semimetal candidate Ir,IngS, which had the same two tilted (e.g. type-
IT) crossings 25 and 40 meV above the Fermi level.** It is surprising that Ir,IngSe and Ir,InsTe
have their two Dirac crossings below the Fermi level but Ir,IngS has the same two crossings
above it, since all three should have identical electron counts. The movement of these two

crossings below the Fermi level is likely attributable to distortion of the Irlns polyhedra by the



larger chalcogenide anions, altering the dispersity and location of the bands. Partial density of
states (PDOS) plots show that the Ir and In orbitals are the dominant contributors for all of the
bands, with the chalcogenide atoms contributing very little to the electronic structure (Figure
S5). To probe the topological nature of these crossings in Ir,IngSe and Ir,IngTe and compare them
to Ir.InsS, we utilized the CheckTopMat application from the Bilbao Crystallographic Server
(BCS) and computed the irreducible representations of the occupied bands between the high
symmetry points /" and Z. These calculations confirm that the crossings in both the selenide and
telluride are also protected by symmetry, confirming their topological behavior (Figure 7C-D).”
For the two band crossings observed along the line, 4, there are two additional crossings due to
time reversal symmetry, leading to four total crossings when considering the I'— Z and " — -Z
directions. Like with Ir,IngS, the band structures are similar to the Dirac semimetal Nas;Bi but
with four total crossings instead of two.*

To understand how these crossings are protected in Ir,InsSe and Ir,InsTe and compare
them to Ir.IngS, we can compute the irreducible representations below the Fermi level for the
high symmetry line A4 along the I" — Z direction.’” Since the selenide and telluride compounds
are isostructural to the sulfide analogue, the presence of the 4, screw axis again differentiates the
irreducible representations in the band structure, preventing their hybridization. If this screw axis
were to be perturbed by breaking the symmetry of the structure, the bands would be allowed to
mix due to hybridization, opening an energy gap. Hybridization potentially opening a gap is a
salient point to consider given the low temperature modulated structures in Ir,IngSe and Ir.InsTe,
as it is possible that the lower symmetry Pm(af0)0 superspace group results in gap formation in
the electronic structure, an idea supported in the charge transport measurements section below.

We have also computed the Fermi velocities of the tilted Dirac crossings in both compounds and



shown that they are comparable in magnitude to Ir,InsS, as seen in Table S19 in the supporting
information. Ir,IngS had a Fermi velocity ten times larger than in the known Dirac semimetal
Na;Bi along the z direction, and this may contribute to high carrier mobility and
magnetoresistance in high-quality crystals of Ir,IngSe and Ir,InsTe.*

Charge Transport. The four-probe resistivity (p) data for both heating and cooling
cycles for IrInsQ are shown in Figure 8. All transport measurements were performed with
current applied along an arbitrary axis. Ir,InsS displays metallic behavior with a clear kink in the
resistivity at 230 K, coincident with the change in diffuse scattering mentioned above, as the
local distortions in the structure suddenly disappear. At higher temperatures above the transition,
there is hysteresis in the measurement, which could be a function of the local distortions
reappearing in the structure and affecting the bonding between polyhedra. Ir,InsSe is also
metallic but there is a change in slope that occurs at 203 K, coincident with the onset of supercell
ordering in the structure. The supercell ordering disappears at 110 K, but any apparent change in
resistivity is too subtle to notice from the measurement on either the cooling or warming cycle.
IrIngTe, in comparison to the other two analogues, has the most striking resistivity behavior of
the three. It also behaves in metallic fashion initially, with the resistivity decreasing with
decreasing temperature, but at 150 K the resistivity increases sharply and reaches a maximum at
125 K. After reaching its peak, it decreases sharply until about 110 K where the resistivity has
another change in slope. These electrical features are also correlated with the structural data
presented above, as supercell Bragg reflections begin at 150 K, persist until 115 K, and have
disappeared by 100 K (Figure 3).

It is a curious result that both Ir.IngSe and Ir,IngTe have supercell ordering, but the

manifestation of that ordering in their electrical behavior is quite different. The larger supercell



of the telluride compound may be linked to more pronounced electronic instabilities, which
presumably opens an energy gap in the Fermi surface of the structure and explains the change in
electrical behavior from metallic to semiconducting.®*® The presence of an energy gap in
Ir,IngTe also leads to further questions about the topological character of the supercell compared
to the subcell, as it is possible that the gap formed could be topologically nontrivial (i.e. a
topological insulator). In addition, if the electronic instability in Ir,InsTe is indeed a CDW, then
Ir,IngTe could be a so-called Axion insulator candidate material, a correlated topological phase
that occurs when a CDW arises in a topological semimetal.®

Variable-temperature Hall effect data for Ir.InsSe and Ir,IngTe are shown in Figure S6.
The Hall resistivity for both compounds is negative, suggesting that electrons are the majority
carrier type. Ir,IngSe and IrIngTe go from linear to nonlinear Hall resistivity below their
characteristic supercell ordering temperatures (203 and 150 K, respectively). In all three cases,
the degree of nonlinearity becomes more severe as the temperature decreases down to 1.8 K.
Even when the supercell ordering has disappeared at low temperatures for the selenide and
telluride analogue, the Hall resistivity at low temperatures is still nonlinear. The low temperature
(< 50 K) Hall resistivity data for Ir,InsSe were fitted with a two-band model to approximate both
electron and hole mobilities and carrier concentrations (Figure 9 and Figure S6).°° However, for
IrInsTe, a single-band approximation had to be used because the data could not be fit to a two-
band model.

The carrier concentrations of the selenide and telluride compounds, seen in Figure 9, are
approximately 10*° cm™. Ir,IngTe has a spike in its carrier concentration at the same temperature
as its resistivity peak (150 K), and this is likely an artifact of the proposed energy gap opening in

the structure, similar to the behavior seen in ZrTes when the Fermi level moves through the band



gap.”” The electron carrier mobility values at 1.8 K are high for Ir,IngSe and Ir,IngTe (~1400 and
1250 cm® V' s, respectively), but not as high as in Ir,IngS (~10* cm*V's™).** Ir,InsSe also had
hole mobilities of ~900 and ~700 cm*V-'s™ at 1.8 and 50 K, respectively, along with noticeably
lower hole carrier concentrations of ~5 x 10" and ~7 x 10" ¢m™ at those same respective
temperatures. The higher mobility in Ir;IngS compared to the other two analogues is attributable
to a higher residual resistivity ratio (RRR, psok/p1s«) in those measured crystals, suggesting that
crystal quality and orientation are important factors in influencing the carrier mobility for all
three compounds. The magnetoresistance (MR) data in Figure S7 corroborate the high mobilities
of these structures, as both Ir,IngSe and Ir,InsTe have high MR% values of 275% and 500% at
the same conditions, respectively. Since transverse magnetoresistance is proportional to the
mobility of a material (MR = 1 + (uB)?), the fact that Ir,IngS has a much higher MR% is in line
with its significantly larger mobility than the other two analogues.

Heat Capacity. The heat capacity for these samples of Ir,InsQ shows standard Debye
behavior except that each analogue has a noticeable bump or kink at different temperatures due
to their structural transitions, Figure 10. The IrInsQ compounds have Debye temperatures of
245, 215, and 190 K for the sulfide, selenide, and telluride, respectively, implying that the lattice
becomes softer as the chalcogenide atom becomes larger and more polarizable (Figure S8).
IrIngS has a large feature at 230 K, the same temperature that the rods of diffuse scattering
disappear and cause the kink in its resistivity. Ir,InsSe has a similar feature at 203 K, coincident
with the onset of supercell ordering and change in slope in its electrical behavior. And lastly,
IrInsTe has a small kink at ~147 K, also coincident with its supercell ordering and peak in
resistivity. All the events in the heat capacity data line up with structural and electronic changes

in the materials themselves, but the most curious result is how prominent of a feature Ir.InsS had



without showing an abrupt phase transition in the synchrotron x-ray diffraction. As mentioned
above, Ir;InsS does not have clear supercell ordering like the selenide and telluride analogues,
but the dramatic change in x-ray diffuse scattering still causes a notable event in the thermal
data.
Conclusion

Liquid indium is an effective reactive flux for the synthesis of the novel tetragonal
subchalcogenides Ir.IngQ. These materials have essentially intermetallic structures that appear to
be stabilized by only a few chalcogen atoms. On cooling to 230 K, the sulfide analogue
transitions from a structure with significant rods of diffuse scattering to an undistorted structure
with almost no diffuse scattering. Ir,IngSe and Ir,InsTe have commensurately modulated
supercells that appear at 203 and 150 K, respectively, and this ordering disappears (reverting to
the original subcell) between 100-110 K in both structures. Charge transport and heat capacity
data confirm these features, and their moderate carrier concentrations and high electron
mobilities are consistent with the symmetry-protected band crossings near the Fermi level
predicted by theoretical calculations. Therefore, Ir,IngSe and IrInsTe are also Dirac semimetal
candidates like Ir,IngS. We anticipate that other novel subchalcogenide materials could be
synthesized from different metal flux media (e.g. Sn, Ga, Pb, etc.), as there is great potential to
find materials featuring broad metallic substructures stabilized by chalcogen atoms.
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Table 1. Crystal data and structure refinement for Ir,IngQ (Q =S, Se, Te) at 299 K.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z
Density (calculated)

Absorption
coefficient
F(000)

Crystal size

0 range for data
collection
Index ranges

Reflections collected

Independent
reflections
Completeness to 6 =
24.949°

Refinement method

Data / restraints /
parameters
Goodness-of-fit

Ir;IngS'
1335.02
299 K
0.71073 A
Tetragonal
P4,/mnm

a=9.9200(14) A, o = 90°
b=19.9200(14) A, B = 90°
¢ =10.140(2) A, y = 90°

997.8(3) A’
4
8.887 g/cm’

44.806 mm™
2248
0.163 x 0.107 x 0.084 mm’®

2.873 t0 29.931°

-12<=h<=13, -13<=k<=13,
-12<=I1<=14

6999
820 [Rin = 0.0304]

100%

Full-matrix least-squares on
FZ

820/0/37
1.162

Ir,IngSe?

1381.92

299.45K

0.71073 A
Tetragonal

P4,/mnm
a=9.9447(12) A, o=
90°

b=9.9447(12) A, B =
90°

c=10.1091(13) A, y =

90°
999.8(3) A’
4

9.181 g/em’

48.152 mm"

2320
0.143 x 0.06 x 0.044
mm’®

6.110 to 35.790°

-16<=h<=16,
-16<=k<=14,
-16<=1<=16
31519

1293 [Riy = 0.0596]

97.9%

Full-matrix least-
squares on F?

1293/0/37
1.187

Ir;IngTe?
1430.56
299.0 K
0.71073 A
Tetragonal
P4,/mnm

a=10.124(8) A, o = 90°
b=10.124(8) A, B = 90°
¢ =10.291(9) A, y = 90°

1054.7(19) A*
4
9.009 g/cm’®

44,903 mm"
2392
0.14x 0.03 x 0.025 mm?

2.822 to 35.504°

-16<=h<=16, -12<=k<=15,
-16<=1<=16

13504
1332 [Rin = 0.0694]

99.8%

Full-matrix least-squares on
F2

1332/0/37
1.082



Final R indices [I > _ _ Rops = 0.0285, WR s = Rops = 0.0254, wR s =

26(I)] Rans = 0.0220, WRaos = 0.0463 ) 1539 0.0473

R indices [all data] _ _ Rau = 00286, WRau = Rau = 00383, WRau =
Ra1 =0.0224, wR,; = 0.0465 0.0639 00511

Extinction coefficient  (0.00215(7) 0.00222(9) 0.00027(3)

ﬁ;‘%’es‘[ diff. peak and ) 046 and -4.687 ¢ A" 5.430 and -5.057 e-A* 2.624 and -2.279 e-A*

IR = S||Fo-[Fd| 7 ZIFo), WR = (S[W(Fof - [FP)]/ Sw(Fo[)]} > and w=1/[c°(Fo?)+34.7316P] where P=(Fo™+2F?)/3
R = 3|[Fo-[Fd| / Z[Fo), WR = {E[W([Fof - [F)]/ Z[w(([Fo*)]} " and w=1/[*(Fo?}+(0.01 14P)+38 4561P] where
P=(Fo2Fc?)3

SR = S|[Fof-[F]| / [, WR = {S[W(Fof - [F2] / SIw((Fo]} " and w=1/[6*(F0?)+(0.0160P)+4.9304P] where
P=(Fo*+2Fc?)/3



Table 2. Bond lengths [A] for Ir,InQ at 299 K with estimated standard deviations in parentheses.

Bond S Se Te
Ir(1)-In(1) 2.7532(7) 2.7478(6) 2.8002(19)
Ir(1)-In(2) 2.7993(6) 2.7947(5) 2.827(2)

Ir(1)-In(3) 2.6668(6) 2.6472(5) 2.672(2)

Ir(1)-In(4) 2.6379(6) 2.6230(4) 2.659(2)

Ir(1)-In(5) 2.9016(8) 2.8997(7) 2.9590(19)
In(1)-In(1) 2.6843(19) 2.6806(18) 2.712(3)



Figure 1: Structure description for Ir,IngsQ. (A, B, and C) Individual unit cells of Ir,InsQ (Q =S, Se, Te)
along the ¢ axis. (D) Extended structure along the ab plane, showing the chalcogenide channels along the
c axis. (E) Extended structure along the ¢ axis, showing the alternating corner and edge sharing pattern of
the polyhedral. (F) Flux grown crystal of Ir.InsSe, showing the alternating tetragonal faces.



Figure 2: Individual coordination environments for Ir,InsQ. (A) Irlng distorted bi-capped trigonal prism.
(B, C) In coordination environments showing Ir-In and In-In bonds. (D, E, F) Square planar coordination

geometry for In-Q, with increasing bond length of 2.8754(6) A, 2.9394(6) A, and 3.0982(18) A for S, Se,
and Te, respectively.
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Figure 3: Diffuse scattering images from 6-ID-D at the Advanced Photon Source for for (A) Ir,InsS, (B)
InIngSe, and (C) Ir,InsTe. In (A), the diffuse scattering disappears below 230 K. In (B), supercell
ordering appears below 203 K and disappears around 110 K. In (C), supercell ordering appears below
150 K and disappears around 100 K.
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Figure 4: In-Se (A) and In-Te (B) distances in the modulated superstructures of Ir,InsSe and Ir,InsTe as a
function of the t modulation vector. The different colored lines denote symmetry elements for atoms in
the Pm(af0)0 superspace group.
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Figure 5: Depiction of In-Q bond alternation in the supercells of (A) Ir)IngSe and (B) IrIngTe.
Compressed bonds are in blue, elongated bonds are red, and normal bonds are orange. The elongated
axial In-Q bonds increase the coordination number of the chalcogenide atom to 5 or 6 in each structure.
Overall modulated structures of (C) Ir,IngSe and (D) Ir,IngTe clearly show the distortions of the Q atoms
both along the ab plane and the ¢ axis.



Figure 6: In-Q bond formation in the modulated superstructures of Ir,IngSe and Ir,IngTe. The subcells
show a square planar In-Q coordination geometry, but the supercells show 5 and 6-coordinate In-Se (A,
B) and In-Te (C, D). The new In-Q bond lengths vary between ~2.8 —4 A, as seen in Figure 4.
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Figure 7: Electronic band structures of (A) Ir,IngSe and (B) Ir.IngTe with insets showing Dirac crossings
slightly below the Fermi level. Schematic of symmetry analysis of Ir,InsSe (C) and Ir,IngTe (D) show the
different irreducible representations of the bands, allowing the symmetry-protected band crossings to
occur.
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Figure 8: Resistivity data (cooling and warming) for (A) Ir.InsS, (B) Ir.IngSe, and (C) Ir,InsTe from 300
K to 1.8 K with listed residual resistivity ratios (RRR, pso k/p1s k). Characteristic features include the
kink at 230 K in (A), the change in slope at 203 K in (B), and the onset of the peak at 150 K in (C).
Changes in diffuse scattering are correlated with the kink in (A), while supercell ordering is responsible
for the features in (B) and (C).
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Figure 9: Hall transport data for Ir,InsSe (A) and Ir,IngTe (B). The carriers are predominantly electron-
type with multi-band hole contribution in Ir,InsSe below 50 K, with hole values in the supporting
information. Both compounds have high mobilities of ~1200 — 1400 ¢m*V''s" and moderate carrier
concentrations of ~2 x 10 cm”.
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Figure 10: Heat capacity data for (A) Ir,IngS, (B) Ir,InsSe, and (C) Ir,IngTe. There are sharp features at
230 K in (A) and 203 K in (B), and a subtler kink at 150 K in (C). These features correspond to the
structural and electrical data that are a result of a change in diffuse scattering in (A) and supercell
ordering in (B) and (C).
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