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Abstract

The previously unreported layered compounds IrTe;l and RhTe;l were prepared by a high-
pressure synthesis method. Single crystal X-ray and powder X-ray diffraction studies find that the
compounds are isostructural, crystallizing in a layered orthorhombic structure in the non-
centrosymmetric, non-symmorphic space group Pca2, (#29). Characterization reveals diamagnetic,
high resistivity, semiconducting behavior for both compounds, consistent with the +3 chemical valence
and d® electronic configurations for both iridium and rhodium and the Te-Te dimers seen in the
structural study. Electronic band structures are calculated for both compounds, showing good

agreement with the experimental results.
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1. Introduction

Inorganic heavy metal compounds based on halogens and/or chalcogens have been studied for
decades due to their electronic and magnetic properties and multiple potential applications. This
family includes thermoelectric materials,=3 applications in photovoltaic devices*® and radiation
detectors,®’ and quantum materials®-!! for example. Especially of recent interest have been heavy
transition metal chalcogenides or halides with layered crystal structures, as their resulting pseudo 2D
electronic and magnetic systems, together with the Van der Waals forces between the layers, provide
both a platform for studying forefront spin/electron interactions, and for further fabrication and
modification.'?7> In recent years, many layered compounds containing Group VIl elements (such as
ruthenium, rhodium, and iridium), are of great research interest, and have been studied as candidates

for quantum spin liquids, topological insulators, and superconductors.16-1°

In this report, we describe layered IrTe,l and RhTe,l, prepared by a high-pressure solid-state
method. These compounds have not been reported previously, and do not appear to form using an
ambient pressure high temperature synthesis method. With the help of high pressure, which often
results in denser phases, uncommon structural features, and some pressure-induced properties,?0-23
we find that these materials crystallize in a new layered structure. The structure is refined in the Pca2,
space group, which is both nonsymmorphic and noncentrosymmetric, by single crystal and powder X-
ray diffraction. Te-Te bonding is found in the structure, which is consistent with the d® configuration of
Rh(111) and Ir(Ill), and the diamagnetic behavior and high resistivities of the compounds. Both
experimental results and theoretical calculations suggest a semiconducting nature for the two
compounds. Their non-centrosymmetric, non-symmorphic layered structure may trigger further

interest in the band structures and physical properties of the compounds.
2. Experimental

Material Synthesis: The compounds were prepared using a solid-state high pressure synthesis method.
Stoichiometric elementary iridium (Alfa Aesar 99.9%) or rhodium powders (Alfa Aesar 99.95%),
tellurium pieces (Alfa Aesar 99.9999%), and iodine (Alfa Aesar 99.99+%, resublimed for purification)
were pre-mixed and loaded in a boron nitride crucible. The assembly was then inserted into a
pyrophillite cube and pressed to a pressure of 6 GPa with a cubic multi-anvil system (Rockland

Research Corporation). After the pressure was applied, the material was heated to 800 - 900 °C at
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50 °C/min and held at the desired temperature for 1 hour. The temperature was determined by an
internal thermocouple. The system was quench-cooled before depressurizing, and small crystals found
in the post-reaction polycrystalline products were saved for single crystal X-ray diffraction (SXRD)

measurements.

Crystal structure determination: Multiple IrTe,l and RhTe,l crystals (¥80x80x15 um?3), cleaved from as-
made samples, were studied by SXRD to determine the crystal structure. The structure, consistent
among all crystals, was determined using a Bruker D8 QUEST diffractometer equipped with APEX Il
software and Mo radiation (A= 0.71073 A) at room temperature. The crystals were mounted on a
Kapton loop. Data acquisition was made via the Bruker SMART software with corrections for Lorentz
and polarization effects included. A numerical absorption correction based on crystal-face-indexing
was applied through the use of XPREP. The direct method and full-matrix least-squares on F2
procedures within the SHELXTL package were employed to solve the crystal structure.?*2> The SXRD
data for RhTe,l were successfully collected and refined, while the IrTe,l samples were too
polycrystalline to generate high-quality single crystal diffraction data. Thus laboratory powder X-ray
diffraction (PXRD) patterns were collected on a Bruker D8 Advance Eco diffractometer with Cu Ka
radiation (A= 1.5418 A) to quantitatively determine its structure. A Rietveld refinement using GSAS II
software was conducted on the PXRD data from polycrystalline IrTe,l, and a preliminary structure was
obtained. (In such refinements the thermal parameters for the atoms have no detailed meaning aside
from indicating that the structure solution is well-behaved.) A Le Bail fit of RhTe,l PXRD pattern was

carried out via the TOPAS software to confirm the uniformity of the bulk material.

Property Characterization: The temperature-dependent and field-dependent magnetization (M) data
were collected on a Quantum Design (QD) Physical Property Measurement System (PPMS), using an
ACMS option. The magnetic susceptibility was defined as M/H. Electrical transport measurements were
carried out on QD PPMS Dynacool, with phosphor bronze wires (for IrTe,l) and platinum wires (for
RhTe,l) attached to samples using silver paint. No indication of reaction of the silver paint with the

sample was observed during the measurements.

Magnetoresistance measurements were conducted on IrTe;l polycrystalline pieces at applied
magnetic fields up to 9 T. A Keithley 2400 Source was used to perform two-probe resistivity

measurements in the constant voltage (V) mode. The sample resistance is therefore given by R=V/ I.
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The diffuse reflectance data were collected at ambient temperature on a Cary 5000i UV-VIS-NIR
spectrometer with an internal DRA-2500 integrating sphere. The reflectance data were transferred to
pseudo absorbance using Kubelka-Munk theory and the band gap values were calculated from the

Tauc plots?®.

Electronic Structure calculation: Density Functional Theory (DFT) calculations with the projector
augmented-wave (PAW)?” method were performed using the Vienna Ab initio Simulation Package
(VASP)?8 version 5.4.4. The generalized gradient approximation (GGA) parameterized Perdew-Burke-
Ernzerhof (PBE) functional?® was used to account for the electronic exchange and correlation. A kinetic
energy cutoff of 400 eV was used for the plane-wave basis set. I-point centered Monkhorst—Pack3° k-
point grids of 8 x4 x 8 and 12 x 6 x 12 were applied to sample the Brillouin zone for the self-consistent
field calculation and density of states (DOS), respectively. Spin-orbit coupling (SOC) was included in the
calculations once specified. The structures were relaxed until the maximum absolute total force on

each atom was smaller than 103 eV/A and the energy converged to 108 eV.
3. Results and Discussion

Samples of IrTe,l and RhTe,l were prepared by solid-state high-pressure synthesis. High yields
were obtained for both compounds through one-hour annealing at 800 °C and 6 GPa. No oxidic
impurities were observed in either sample, however a small amount of RhTe, was found as an impurity
in the post-reaction RhTe,l product. This small amount of impurity could not be eliminated when 10%
excess iodine was used under the same conditions. The compounds are isostructural, with an
orthorhombic unit cell in the non-centrosymmetric non-symmorphic space group Pca2. (IrTe,l: a =
6.362 A, b=10.57 A, c=6.405A, Z=4; RhTe,l: a =6.368 A, b =10.56 A, c = 6.416 A, Z = 4), which is
exhibited in Figure 1. (In other words, there is no inversion center in their structures, and no point that
can be defined such that all symmetries present are the product of a symmetry that fixes this point
plus a lattice translation.) Both non-centrosymmetric and non-symmorphic crystal structures have
been postulated to give rise to topological physics3'32, but the study of topological properties is not the
aim of the current research. These two compounds can’t be formed using the solid-state preparation
method at ambient pressure, and their refined structure is quite different from other reported ternary
M-Te-I phases, which are generally coordination polymers or molecular clusters3334, The powder

diffraction pattern of IrTe,l is shown in Figure 2A and its crystallographic information is listed in Table
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1. The crystal structure of RhTe,l was refined by SXRD (Tables 2-4), and Le Bail fitting performed on the

PXRD data from the full as-synthesized sample confirms the bulk uniformity (Figure 2B).

The materials have a layered structure, made from MTesl (M = Ir or Rh) octahedra connected by
sharing corners. Revealed by the view along the c-axis, it is observed that these layers are double-
tiered, through sharing vertices of the octahedra (Figure 1B), with iodine mediated Van der Waals
interactions between the layers. The layers stack along the b-axis of the orthorhombic unit cell, leading
to a strong (010) peak at low angle in their PXRD patterns (which can be observed in Figure 2). The
view along the b axis in Figure 1C shows that this structure can be considered as resembling a
deformed section of the pyrite structural type, as the MTes| octahedra form a distorted triangular
arrangement of metal cations that is close to being a square net (Figure 1C inset). This layered
structure in the non-centrosymmetric, non-symmorphic Pca2, space group thus may attract potential
interest, as it can serve as a breeding ground for several potentially interesting properties such as
ferroelectricity. The MTesl coordination octahedra are slightly distorted for both compounds
(especially when compared to the symmetric octahedral coordination environment of Cdl,-type IrTe,
with dj.te = 2.65 A35, and pyrite type RhTe, with dgp.1e = 2.65 A36), and the bond lengths between central
cations and the anions are listed in Table 5. The values of these distances are fairly close when
comparing Ir and Rh, suggesting comparable M-X (X = Te or I) bond strengths in the two systems. All of
the tellurium atoms are found to be covalently bonded so as to form Te-Te dumbbells in both
compounds, with a relatively short Te-Te distance at 2.76 A in IrTe,l and 2.82 A in RhTe,l (as a
comparison, the shortest Te-Te distance is around 2.83 A in Ir;Teg, 3.08 A in pyrite RhTe,, and 2.77 Ain
BaTe,3%-38), This chalcogen dimerization phenomenon is also observed in some other chalcogenide
compounds380 resulting in an average chemical valence of -1 for Te in the MTe,l formula, and thus a
+3 valence with d® electronic configuration for both Ir and Rh. The shortest M-M in-plane distance is
4.39 A for Ir, and 4.40 A for Rh (Figure 1C inset), and the distance between the two layers is 7.57 A for
Ir and 7.50 A for Rh, thus it can be seen that IrTe,l and RhTe,l have very similar lattice dimensions and
interatomic separations. The minor differences may be due to the slight difference between the Ir and
Rh atomic radii and electronegativities, which may in turn be attributed to lanthanoid contraction in
the sixth row of the periodic table. There is a shorter Te-Te distance and larger interplane spacing in
IrTe,l, which suggests stronger bonding of the ditelluride dimer in the system, and weaker interaction

between the layers when compared to the Rh variant.
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Temperature- and field-dependent magnetization measurements were carried out on the
polycrystalline powders of IrTe,l and RhTe,l. Both compounds show diamagnetic behavior, as shown in
Figure 3A, as their magnetic susceptibilities are negative under an applied filed of 0.1 T from 1.8 to 300
K. Both materials display a small upturn in susceptibility below 10 K, which we attribute to the
presence of very small amounts of paramagnetic impurities. The observed susceptibility is consistent
with a low-spin d® electron configuration of the M(lll) ions and supports the existence of the observed
Te-Te bonding in the MTe,l system. The magnetization decreases with increasing magnetic field at
both 2 K and 250 K for IrTe;l and RhTe,l (Figure 3A inset), which is an indication of the diamagnetic

nature of the materials.

Temperature dependent resistance measurements were also conducted on as-made dense
pieces of the polycrystalline samples (Figure 3B). Both compounds show semiconducting behavior,
demonstrated by the fact that their resistivities increase with decreasing temperature until the
measured values exceed the instrumental limits. Log(p) for both samples is plotted versus 71 in the
inset of Figure 3B. The transport activation energies (E,) for each compound near ambient temperature
can be obtained by fitting the linearly varying parts of the curves to:

Eq

P = poe€ -l (1)
where pg is the pre-exponential term and kg is Boltzmann’s constant. The transport E,s obtained are
0.37 eV for IrTe,l and 0.25 eV for RhTe,l. The semiconducting nature of the resistivity is consistent with

the diffuse reflectance measurements shown in Figure 3C.

The wavelength-dependent pseudo absorbance (A) data of IrTe,l and RhTe,l are presented, as

are the Tauc plots for indirect transitions, shown in the inset. Using the equation:
Ahv =K (hv — Eg)" (2)

for which n = 0.5 for direct transitions and 2 for indirect transitions, and K is a constant, the indirect
band gap value is calculated to be 0.92 eV for IrTe,l and 0.79 eV for RhTe,l. If instead the transitions
are direct, the band gaps are 0.98 eV and 0.74 eV for M = Ir and Rh respectively, which, for present

purposes, are not significantly different from the indirect case.
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The magnetoresistance (MR) measurements were conducted on a polycrystalline dense sample
of IrTe,l at different temperatures, and the R / Ry values at 300 K and 280 K are plotted versus field in
Figure 4. (The slight asymmetry of the curves may be due to contributions from the Hall component.) A
small negative MR effect of around 1% at 9 T is observed at room temperature. As negative MR effects
generally originate from ferromagnetism or in metallic materials, it is surprising that this negative MR
behavior is observed in diamagnetic semiconducting IrTe,l compound. One of the possible
explanations is that the weak MR effect is induced by the strong spin orbit coupling (SOC) and non-
centrosymmetric nature of the compound. This potential SOC induced MR will be further discussed

during the description of the results of the theoretical calculations.

The electronic band structures and corresponding density of states for IrTe,l and RhTe,l,
calculated without and with SOC included, are presented in Figures 5 and S1. The crystal structures
were optimized prior to band structure calculations in order to find the lowest calculated energies. This
optimization results in an increased unit cell size, an extended interlayer distance, and slightly
lengthened bonds (especially the Te-Te bond) compared to the experimental structures, with the
difference between the experimental and the optimized structures shown in Figure S2. The
hybridization of the d-orbitals of the metals with the s and p orbitals from | and Te dominates the
electronic states near Eg in both cases. IrTe,l and RhTe,l are both calculated to be indirect gap
semiconductors with band gaps of 0.66 eV and 0.53 eV, respectively. Consistent with the
experimentally measured results, the Ir variant has a larger band gap value. The band gap in the -X-S-
Y-I region of the Brillouin Zone is significantly smaller than the band gap in the Z-U-R-T-Z region, an
indication of the stronger intralayer interactions (I-X-S-Y-I) in the structure. After including SOC in the
calculation, the bands split significantly, reducing the calculated band gaps by about ~0.2 eV. The
notable change when adding SOC in the calculation also suggests that the strong effect of SOC may be
able to induce some unconventional properties, such as the weak negative MR behavior mentioned

previously.

4. Summary and Conclusion

The previously unreported compounds IrTe,l and RhTe,| were synthesized using a solid-state

high-pressure method. Their structures were refined by SXRD and laboratory PXRD data, and found to
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be layered, with an orthorhombic unit cell in the non-centrosymmetric, non-symmorphic space group
Pca2,. Te-Te bonded dimers are seen, leading to a +3 chemical valence with d® electronic configuration
of the metal cations, consistent with the diamagnetic, highly resistive behavior of the two compounds.
The semiconducting nature of both compounds is revealed by experimental resistance, diffuse
reflectance measurements and theoretical calculations. A weak negative MR effect is observed for
IrTe,l, which may be induced by its strong SOC. This MR effect may be of future research interest, and
this newly discovered non-centrosymmetric, non-symmorphic layered structure type may inspire
future experimental and theoretical exploration and developments in material fabrication and

applications of heavy transition metal compounds.

[Deposition number 2167482 for RhTe,l contains the supplementary crystallographic data from single
crystal XRD refinement for this paper, which can be obtained free of charge from The Cambridge

Crystallographic Data Centre.]
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Table 1. Structural parameters and standardized crystallographic positions of IrTe,l, from the Rietveld

refinement of laboratory powder X-ray diffraction data collected at 300 K. Standard deviations are

presented in the brackets.

Refined Formula IrTe,l
F.W. (g/mol) 574.32
Space group; Z Pca2y; 4

a(A) 6.36195(15)

b(A) 10.57425(24)

c(A) 6.40453(15)

Vv (A3) 430.851(27)

Atom Wyck. Occ. x y z Ui, equiv. [A?]
Ir 4a 1 0.0141(4) 0.1418(2) 0.0000 0.0050 (8)
Tel 4a 1 0.6238(6) 0.0829(3) 0.1170(4) 0.0041 (14)
Te2 4a 1 0.1221(6) 0.2341(3) 0.3646(5) 0.0060 (13)
| 4a 1 0.0885(5) 0.6185(3) 0.3833(4) 0.0233(15)

12
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Table 2. Single crystal structure refinement for RhTe,l at 293 (2) K. Standard deviations are presented

in the brackets.

Refined Formula RhTe,l
Temperature (K) 293 (2)

F.W. (g/mol) 485.01
Space group; Z Pca2; 4

a(A) 6.368 (1)
b(A) 10.562 (2)
c(A) 6.416 (1)

V (A3) 431.5 (2)

0 range (2) 3.736-31.476

No. reflections; Ry

No. independent reflections

No. parameters

Ri: wR; (1>2d(1))

Goodness of fit

Diffraction peak and hole (e-/ A3)

Flack parameter

6055; 0.0322
1425

15

0.0341; 0.0687
1.354

2.038; -1.986

0.40 (11)
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Table 3. Standardized atomic coordinates and equivalent isotropic displacement parameters for RhTe,l

at 293 (2) K. (U.q is defined as one-third of the trace of the orthogonalized U tensor (A?)) Standard

deviations are presented in the brackets.

Atom  Wyck. Occ. X y z Ueq

Rh 4a 1 0.0135(2) 0.1449 (1) 0.0000 0.0079 (2)
Tel 4a 1 0.6265 (1) 0.0804 (1) 0.1193 (1) 0.0088 (2)
Te2 4a 1 0.1232 (1) 0.2366 (1) 0.3634 (1) 0.0099 (2)
Ir 4a 1 0.0834 (2) 0.6162 (1) 0.3812 (2) 0.0164 (2)

Table 4. Anisotropic thermal displacement parameters for RhTe,l at 293 (2) K. Standard deviations are

presented in the brackets.

Atom U1l u22 VEE) u12 U13 u23
Rh 0.0064 (4)  0.0108 (4)  0.0063(3) -0.0005(4)  0.0003(4) 0.0002 (3)
Tel 0.0063(3) 0.0126(4) 0.0075(3) 0.0010(3)  0.0010(3)  0.0008 (3)
Te2 0.0084 (3)  0.0136(4)  0.0077(3) 0.0002(3)  0.0004(4) 0.0002 (3)
| 0.0176 (4)  0.0145(4)  0.0172(4) -0.0024(4)  0.0015(4)  0.0030 (3)

*For an explanation of the anisotropic thermal displacement parameters, see The International Tables

for Crystallography, A. Authier editor, second edition, volume D, pages 231 to 245, John Wiley and
Sons, 2014.41
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Table 5. Selected bond lengths (A) for MTe,l with M = Ir or Rh. Standard deviations are presented in

the brackets.

Dalton Transactions

Bonds IrTe,l RhTe,l
M-Te 2.587(4) 2.6012(15)
2.622(5) 2.6198(16)
2.657(5) 2.6570(15)
2.668(5) 2.6685(15)
2.679(4) 2.6877(16)
M-I 2.721(4) 2.7073(16)
Te-Te 2.760(5) 2.8187(13)
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MTe,| (M = Rh as representative)
Non-centrosymmetric Pca2,
Orthorhombic Unit Cell

© Rh OTe (- N

©—0 Te-Te bonded dimer
(©)

Figure 1. The non-centrosymmetric crystal structures of high-pressure-synthesized IrTe,l and RhTe,|
with the structure of RhTe;,l presented in this figure as the representative of the two isostructural
compounds. Views along the (A) a-axis, (B) c-axis, and (C) the layer stacking direction b-axis are
exhibited respectively. Te-Te bonded dimers can be clearly observed through the different views of the
structure. The inset in (C) reveals the in-plane arrangement of metal cation lattice, with M-M distance
at 4.40 A (red dashed line, shorter) and 4.64 A (blue dashed line, longer) in RhTe,l. These distances are
4.39 A and 4.64 A respectively when M = Ir.

(A) o
—+— Observed

IrTe,l = Gaaaroa
— Background

6000 —— Difference

u.)

Rw =11.06%
4000 GOF =1.76
=31

2000

Intensity (a

10 20 30 40 50 60 70

(B) 2 Theta (degree)

—— Observed Rwp = 10.55%
— Calculated Rp=7.89%
Loy RhTe2| Background GOF =181
Difference
RhTe,! tics

RhTe, tics
BN tics

Intensity (a.u.)

40
2 Theta (degree)

Figure 2. Ambient Temperature Powder X-ray Diffraction Data for the two materials. (A) Rietveld
refinement of the laboratory PXRD pattern of IrTe,l; (B) Le Bail fit of the laboratory PXRD pattern of

RhTe,l. A small amount of RhTe; is found as an impurity in the RhTe,l product.
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Figure 3. Basic magnetic, electrical and optical absorption characterization of IrTe,l and RhTe,l. (A)
Temperature-dependent magnetic susceptibilities measured on polycrystalline powder samples from
1.8 to 300 K, with the inset presenting field-dependent magnetization measurements from0to 9 T at
two different temperatures for each sample; (B) Resistance measured from 180 to 300 K on as-made
dense samples, where R3qo ¢ represents the resistance at 300 K. The inset shows the log(p) of both
samples (IrTe,l on left y-axis and RhTe,l on right y-axis), plotted versus T, with the linear fitting (green
lines) on the higher temperature range of each curve employed to calculate the charge transport
activation energy; (C) Pseudo Kubelka-Munk absorbance spectra (main panel) and the Tauc plot for the
indirect optical transitions (inset) for polycrystalline samples. The optical band gap values are
estimated by extrapolating the intersection of the green lines (the linear absorption region) and the

gray dashed lines (absorption baseline).
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Figure 4. Magnetoresistance measurements on a polycrystalline dense piece of IrTe,l at (A) 300 K and
(B) 280 K, under an applied magnetic field swept from 9 T to -9 T. R is the resistance under zero

applied field. The excitation voltage is 5 V.
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Figure 5. The Calculated electronic band structures and DOS for (A) IrTe;l and (B) RhTe,l with SOC

included. Fermi level (E¢), conduction band minimum (CBM), and valence band maximum (VBM) are

highlighted by orange dash lines and green dash lines.
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