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ABSTRACT: The synthesis and physical properties of two new and one known Ir-Sn-Se compound are reported. Their 
crystal structures are elucidated with transmission electron microscopy and powder X-ray diffraction. IrSn0.45Se1.55 is a 
pyrite phase which consists of tilted corner-sharing IrX6 octahedra with randomly distributed (Sn-Se)4- and (Se-Se)2- di-
mers. Ir2Sn3Se3 is a trigonally distorted skutterudite that consists of cooperatively tilted corner-sharing IrSn3Se3 octahedra 
with ordered (Sn-Se)2

4- tetramers. Ir2SnSe5 is a layered, distorted β-MnO2 (pyrolusite) structure consisting of a double 
IrSe6 octrahedral row, corner-sharing in the a direction and edge-sharing in the b direction. This distorted pyrolusite con-
tains (Se-Se)2- dimers, Se2- anions, and each double row is "capped" with a (Sn-Se)n polymeric chain. Resistivity, specific 
heat, and magnetization measurements show that all three have insulating and diamagnetic behavior, indicative of low 
spin 5d6 Ir3+. Electronic structure calculations on Ir2Sn3Se3 show a single, spherical, non-spin-orbit split valence band, and 
suggest that Ir2Sn3Se3 is topologically non-trivial under tensile strain, due to inversion of Ir-d and Se-p states. 

INTRODUCTION 
Homologous series offer a promising opportunity for 
growth and design of new materials.1 The series MxTCh is 
one such example, where M is a late transition metal (Fe, 
Co, Ni, Ru, Pd, Ir, or Pt), T is a later Group 14 or 15 ele-
ment (Ge, Sn, Pb, As, Sb, or Bi), Ch = S, Se, or Te, and 
x = 3/2, 1, or 2/3. This series is noteworthy due to the large 
variety of structures that exist depending on the value of 
x and the elements involved. These structures consist of a 
variety of corner- or edge-sharing MT3Ch3 octahedra 
(such as FeS2 - pyrite) though the space groups vary wild-
ly due to the ordering (or lack thereof) for T and Ch. Re-
cent studies predict a possibility of more than eight dif-
ferent space groups for the simple case of x = 1.2,3 When 
x = 2/3 the skutterudite structures are commonly formed, 
which are of interest as promising thermoelectric materi-
als due to their low thermal conductivity.4,5 When x = 3/2 
another competing phase, half antiperovskites, are 
formed.6 The structure of MxTCh depends on tempera-
ture, pressure, stoichiometry, and most notably - the 
transition metal itself. 

Though such compounds of all of the various transition 
metals are structurally interesting due to anion-anion 
bonding, 5d transition metals have recently attracted sig-
nificant interest due to strong relativistic effects (spin-
orbit coupling) which could lead to non-trivial behavior.7 
These relativistic effects have comparable energy scales 
with crystal field stabilization and electron correlations, 

which could lead to magnetic frustration or possible spin 
liquid behavior.8–10 

Iridium in particular has been heavily studied for these 
reasons, with a majority of works focusing on oxides.11–16 
Additionally, several studies were conducted on iridium 
chalcogenides, namely IrxCh2 (Ch = S, Se, or Te). Initial 
reports focused on structural details, as all of these com-
pounds contain anion-anion bonding, and IrS2, IrSe2, and 
IrTe2 can form three different structure types.17–20 More 
recent investigations have been on superconductivity in 
both the pyrite-type IrxTe2 (x = 0.75)21 and doped CdI2-
type Ir1-xMxTe2 (M = Pd or Pt)22–25. Though these studies 
are comprehensive, none have yet thoroughly looked at 
the possible stoichiometries of ternary iridium 
chalcogenides. 

Here we report the synthesis, structure, and physical 
properties of the pyrite phase IrSn0.45Se1.55, the 
skutterudite phase Ir2Sn3Se3, and the structurally distinct 
Ir2SnSe5. Ir2Sn3Se3 has been previously reported,4 though 
we expand the structural details and physical properties. 
To the authors' knowledge, neither IrSn0.45Se1.55 or Ir2SnSe5 
have been previously reported. We find that all three ex-
hibit insulating and diamagnetic behavior, indicative of 
low spin 5d6 Ir3+. Each compound also displays a variation 
of Sn-Se bonding, as IrSn0.45Se1.55 contains Sn-Se dimers, 
Ir2Sn3Se3 contains (Sn-Se)2 tetramers, and Ir2SnSe5 con-
tains (Sn-Se)n polymeric chains. Further, band structure 
calculations demonstrate that Ir2Sn3Se3 is a single-band p-
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type semiconductor and imply that it becomes topologi-
cally non-trivial under tensile strain due to an inversion 
of Se-p and Ir-d states. 

EXPERIMENTAL SECTION 

Materials. Powders were grown by placing Ir (Alfa 
Aesar 99.95%), Sn (Noah Technologies 99.9%), and Se 
(Alfa Aesar 99.999%), in stoichiometric ratios, in a fused 
silica tube. All tubes were filled with 1/3 atm of Ar to min-
imize vaporization of Sn and Se. Each tube was heated 
quickly to 500°C, followed by a 50°C per hour ramp to an 
annealing temperature at which the samples were held 
for four days, before being furnace cooled. The resulting 
boule was pulverized, pressed into a pellet, and heated at 
the same annealing temperature for four days, and fur-
nace cooled again. Each resulted in a ~300 mg gray, sin-
tered pellet which was used for all physical property and 
characterization methods. Ir2Sn3Se3 was annealed at 
750°C, while Ir2SnSe5 used annealed at 780°C. Later in-
spection indicated the presence of ~1.75 wt% IrSe2 in 
Ir2SnSe5.  

IrSn0.45Se1.55 was annealed at 950°C, and was quenched 
in water after each heat treatment. Targeting a 0.05 
change in molar ratio resulted in significant impurities 
(> 10 wt%) of IrSe2 or Ir2Sn3Se3. After the second heating 
an Ir metal impurity around 0.15 wt% was seen which 
increased upon further heat treatments. The resulting 
pellet from IrSn0.45Se1.55 was cold-pressed rather than sin-
tered. 

Characterization Methods. Laboratory powder X-ray 
diffraction (PXRD) patterns were collected using Cu Kα 
radiation (λavg = 1.5418 Å) on a Bruker D8 Focus 
diffractometer with LynxEye detector. Lebail refinements 
were used for phase identification and starting lattice 
parameters in TOPAS (Bruker AXS). Simulated annealing 
was then used for initial atomic positions, with Reitveld 
refinements for final atomic positions and lattice parame-
ters, both in TOPAS. Synchrotron PXRD was collected on 
the high resolution 11-BM-B diffractometer at the Ad-
vanced Photon Source, Argonne National Laboratory, 
with an incident wavelength of λ = 0.41385 Å for Ir2Sn3Se3 
and λ = 0.41388 Å for Ir2SnSe5. Silicon was used as an in-
ternal standard for both laboratory and synchrotron 
PXRD; additionally 50 wt% amorphous SiO2 was added to 
synchrotron samples to minimize absorption effects. To 
verify choice of lattice parameters and space group, 
transmission electron microscopy (TEM) was used, with a 
Phillips CM300 atomic resolution TEM, equipped with a 
Field Emission Gun with an accelerating voltage of 
300 kV. For Ir2Sn3Se3 selected area electron diffraction 
(SAED), collected on film (Kodak SO 163), was used to 
check for additional ordering. For Ir2SnSe5 SAED, collect-
ed both on film and with a CCD camera (bottom mount-
ed Orius camera), was used to initially determine the unit 
cell. Structures were visualized using VESTA.26 

Physical properties (electronic, heat capacity, thermal 
transport, and magnetization) data were collected on pel-

lets in a Physical Properties Measurement System (PPMS, 
Quantum Design). All measurements were conducted 
from T = 1.8 K to T = 300 K. Resistivity of Ir2Sn3Se3 was 
also measured down to T = 70 mK on a PPMS equipped 
with a dilution refrigerator. All resistivity measurements 
used standard four-probe geometry. Heat capacities were 
measured using the semi-adiabatic pulse technique, with 
three repetitions at each temperature. Magnetic suscepti-
bilities were measured with a μ0H = 1 T.  

Calculation Methods. Electronic and band structure 
calculations were performed on Ir2Sn3Se3, using density 
functional theory (DFT) with the local density approxi-
mation (LDA) utilizing the ELK all electron full-potential 
linearized augmented-plane wave plus local orbitals (FP-
LAPW+LO) code.27 Calculations were conducted both 
with and without spin-orbit coupling (SOC) using a 
4 x 4 x 4 k-mesh, with the experimental unit cell. Parity 
analysis on the time-reversal invariant momentum 
(TRIM) points for Z2 values28 were conducted by fitting 
the eigenvectors computed from ELK to a set of maximal-
ly-localized Wannier functions (MLWF, using Wannier90 
software package29). The calculation on Ir2Sn3Se3 under 
tensile strain was conducted using spin-orbit coupling 
and a unit cell increased uniformly by 0.6 Å. The band 
structures were independently verified using the Vienna 
Ab Initio Simulation Package (VASP)30–32, and the topo-
logical indices were alternatively calculated using MLWFs 
generated by Wannier90 in tandem with the Z2Pack 
software33,34. 

RESULTS AND DISCUSSION 

Structure of IrSn0.45Se1.55. Room temperature laborato-
ry PXRD data for IrSn0.45Se1.55 is shown in Figure 1a. Re-
finements were conducted with space group Pa3̄, the 
model structure is shown in the inset of Figure 1a. Crystal-
lographic parameters are in Table S1. The structure type is 
identical to the pyrite FeS2

35, with tilted, corner-sharing 
IrX6 octahedra, and Se-Se dimers on each corner, with Sn 
randomly distributed over the Se sites. Similar com-
pounds such as cobaltite CoAsS36 or ullmannite NiSbS37 
show anion ordering leading to a lower symmetries of 
Pca21 and P213 respectively. Ordering in these compounds 
is justified due to the observation of the (010) reflection 
for ullmannite and additionally the (110) reflection for 
cobaltite.36 However, PXRD for IrSn0.45Se1.55 does not show 
the evidence of either of these reflections despite as much 
as 55,000 counts for peaks, and a strip detector with a 
high signal to noise ratio. This defends the choice of space 
group Pa3̄. Furthermore, attempts to refine occupancies 
led to values within 1% of nominal stoichiometry for 
IrSn0.45Se1.55. 

This stoichiometry is very close to Ir2SnSe3. Given the 
samples are diamagnetic (see Figure S1), and thus Ir is in 
the 3+ oxidation state, this implies a mixture of Sn-Se and 
Se-Se, i.e. Ir3+

2(SnSe)4-(Se2)2-, but with a slight excess of 
Se-Se dimers. This deviation from "perfect" stoichiometry 
is an explanation for the lack of ordering in IrSn0.45Se1.55. 
Attempts to target IrSn0.5Se1.5 were unsuccessful, resulting 
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in a ~21 wt% Ir2Sn3Se3 impurity, while attempts to target 
IrSn0.4Se1.6 had a ~12 wt% IrSe2. In other words, accessing 
stoichiometric Ir2SnSe3 was not possible under our condi-
tions, implying that it is less thermodynamically stable 
than competing phases. However, the off stoichiometric 
IrSn0.45Se1.55 is accessible as the tail of a Ir2Sn1-δSe3+δ solid 
solution because it lies outside the phase field of the 
completing more stable products.(see Figure S2).  

 

Figure 1. a) Reitveld refinement of laboratory powder X-ray 
data for IrSn0.45Se1.55 with internal Si standard. Light blue 
arrow shows a peak for 0.15 wt% Ir metal impurity. Structure 
is shown in the inset, which models Sn randomly mixed on 
the Se sites. b) Reitveld refinement of synchrotron powder X-
ray data for Ir2Sn3Se3 with internal Si standard. Insets show 
(left) subtle splitting of peaks and (right) Ir2Sn3Se3 shown as 
Sn2Se2 tetramers. Experimental data shown as black circles, 
fit is in red, with the difference in blue. Ir is shown in grey, 
Sn in orange, and Se in blue. 

Structure of Ir2Sn3Se3. Figure 1b shows synchrotron 
PXRD data for Ir2Sn3Se3 using space group R3̄. It was pre-
viously reported as a skutterudite. The prototypical Im3̄ 
skutterudite is CoAs3 which forms square (As4)4- tetram-
ers.4 There is a clear splitting of the (204) and (402̄) re-
flections shown in the left inset of Figure 1b. It is well 
known that changing the formula of skutterudites to 
M2/3TCh can lead to anion ordering, resulting in distorted 
(T-Ch)2 tetramers and a reduction in crystallographic 
symmetry to R3̄. Using this as a starting model, we are 
able to obtain an excellent fit of the model to the data. 
The experimental trigonal unit cell is also within 0.13% 
difference with the previously reported cubic structure for 
IrSn1.5Se1.5

4. Furthermore, SAED (not shown) does not 
indicate any doubling of the unit cell, or any other order-
ing, hence the unit cell and space group are well justified. 
Crystallographic parameters are in Table S2. Attempts to 
refine occupancies led to values within 1% of unity. The 
right inset in Figure 1b demonstrates the structure con-

sists of (Sn-Se)2 tetramers or distorted squares. The elec-
tron count can be understood as Ir3+

4(Sn2Se2)4-
3, which 

chemically compares well to other skutterudites.4 

 

Figure 2. Selected area electron diffraction  for Ir2SnSe5 
along a) (h00) and b) (00l) planes. c) Rietveld refinement of 
synchrotron powder X-ray data with internal Si standard. 
Experimental data shown as black circles, fit is in red, with 
the difference in blue. Inset shows that the model over-fits a 
diagonal (101) plane and under-fits the (002) plane. Contribu-
tion of ~1.75 wt% IrSe2 impurity is also seen.  

Structure of Ir2SnSe5. SAED patterns oriented in (h00) 
and (00l) directions are shown in Figure 2a and Figure 2b 
respectively for Ir2SnSe5. In the y direction the spacing in 
both patterns is directly related to the b lattice parameter, 
while the x direction is directly related to the c and a lat-
tice parameters for the (h00) and (00l) patterns respec-
tively. Figure 2c shows the room temperature synchrotron 
PXRD data for Ir2SnSe5 using space group P21/m. The cor-
responding Rietveld refinement included a 1.75 wt% IrSe2 
impurity, as well as an internal Si standard. Crystallo-
graphic parameters are shown in Table S3.  

The choice of space group and unit cell are justified 
through the SAED patterns and the experimental syn-
chrotron PXRD data. Hamilton R-ratio tests38 and χ2 ratio 
tests39 against other space groups (P1, P1̄  , P2, P21, Pm, 
P2/m, P21/m:2) confirms, with 99% confidence, the choice 
of space group P21/m. Additionally, tests using ADDSYM 
in PLATON40 did not find any additional symmetry. The 
lattice parameters determined from SAED are within 10% 
difference of those reported in Table S3, from Rietveld 
refinement, likewise the SAED patterns also do not show 
any evidence of additional order or doubling of the unit 
cell. Lastly, all observed peaks are fit by this model, and 
our model distinguishes between Sn and Se as Hamilton 
R-ratio tests38 and χ2 ratio tests39 for alternative Sn posi-
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tions shows 99.99% confidence of our proposed Sn posi-
tion.  

Nonetheless, the fit in Figure 2c is visibly imperfect due 
to lower angle peaks that are severely under-fit. This is 
highlighted by the inset in Figure 2c where the model is 
seen to under-fit for the (002) reflection and over-fit for 
the (101) reflection. Systematically the model over-fits 
diagonal reflections (e.g. (110), (103), etc.) and under-fits 
other reflections (e.g. (002), (020), (100), etc.). These sys-
tematic deviations, along with the certainty in the unit 
cell, space group, and atomic positions then suggests a 
stacking fault in the c direction. Careful observation of 
the Ir2SnSe5 structure in Figure 3 demonstrates that a shift 
in the b direction could exist due to the Van der Waals 
gap. This shift would cause diagonal reflections across 
layers to broaden and have less intensity, while maintain-
ing the sharpness and intensity of reflections that exist 
within each layer (e.g. (100), (020), (002), etc.). Thus we 
propose the imperfections of our model in describing the 
data are due to a stacking fault in the c direction.  

 

Figure 3. Structure of Ir2SnSe5 just off the ac plane a) high-
lighting corner-sharing in the ac plane, edge-sharing in the 
bc plane, and b) both Se-Se dimers and the (Sn-Se)n polymer-
ic chain. Ir is shown in gray, Sn in orange, and Se in blue. 

The proposed structure, shown in Figure 3, of the lay-
ered, distorted β-MnO2 (pyrolusite)41 type. Each layer 
contains a double IrSe6 octahedral row, corner-sharing in 
the ac plane and each row is edge-sharing in the bc plane. 
This structure bears similarity to the IrSe2 structure, a 
three-dimensional structure that contains both a 
pyrolusite and ramsdellite portions.18 Both Ir2SnSe5 and 
the pyrolusite portion of IrSe2 contain (Se2)2- anion dimers 
stabilizing the octahedra. Ir2SnSe5 is structurally distinct 
however, as it also contains a (Sn-Se)n polymeric chain 
"capping" each double octahedral layer. In other words, 
IrSe2 can be structurally described as Ir3+

2(Se2)2-Se2-
2
18, 

Ir2SnSe5 is the same, but with the addition of a charge-
neutral Sn-Se polymeric chain, i.e. Ir3+

2(Se2)2-Se2-
2(SnSe)0.  

Sn-Se bonding in the Ir-Sn-Se system. Each Ir-Sn-Se 
compound contains some form of anion-anion, or Zintl-
like bonding. This is common for Ir compounds, as IrCh2 
(Ch = S, Se, or Te) compounds all have similar effects.18–20 
Figure 4 highlights the difference in Sn-Se anion-anion 
bonding in each Ir-Sn-Se compound. IrSn0.45Se1.55 contains 
both (Se-Se)2- and (Sn-Se)4- dimers, with an average dis-
tance of 2.652(1) Å. Ir2Sn3Se3 contains (Sn-Se)2 tetramers 

instead, with a long and short distance of 2.868(5) Å and 
2.68(1) Å. This is exactly what is expected if two (Sn-Se)4- 
dimers are joined together along with the removal of four 
electrons.  

The bond distances in the Sn-Se polymeric chain are 
shorter than the monomer and dimer, which indicates 
more ionic character. This is expected from an electron 
counting argument, as the valence for Sn is formally -2, 0, 
and +2 for (Sn-Se)4- dimers, (Sn-Se)2

4- tetramers, and (Sn-
Se)n respectively, following a trend of Zintl-like bonding 
to more ionic type bonding. 

 

Figure 4. a) The Sn-Se dimer in IrSn0.45Se1.55. The distance 
given is an average for Se2 and Sn Se dimers. b) The (Sn-Se)2 
tetramer in Ir2Sn3Se3. c) The (Sn-Se)n polymeric chain in 
Ir2SnSe5.  

Physical Properties. Figure 5a shows the heat capacity 
for Ir2SnSe5, IrSn0.45Se1.55, and Ir2Sn3Se3 as Cp/T3 vs logT to 
highlight acoustic and optic phonon modes.42 Plotted in 
this way Einstein (optic) modes, appear as a peak, while 
Debye (acoustic) modes, increase upon cooling until be-
coming constant. Additionally, electronic heat capacity 
appears as a sharp increase at low temperatures. Scaling 
all three data sets by the amount of amounts indicates 
that all three have a similar Debye and a similar Einstein 
mode. This Einstein mode appears to decrease in energy 
from IrSn0.45Se1.55 to Ir2Sn3Se3 (red and blue arrows respec-
tively), and contributes even less to Ir2SnSe5. Meanwhile 
the contribution of a Debye mode appears to increase 
from IrSn0.45Se1.55, to Ir2Sn3Se3, to Ir2SnSe5. Both observa-
tions are consistent with the change in Sn-Se bonding, 
which goes from dimers, to tetramers, to polymeric 
chains. As the connectivity of the dimers increases, their 
dimensionality increases, and their associated modes 
broaden and appear more Debye-like, as seen for the heat 
capacity of Ir2SnSe5 which is almost purely Debye-like. 
The small feature at T ~ 4.5 K for all three is due to heli-
um condensation around this temperature. 
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Figure 5. a) Heat capacity over temperature cubed versus log 
of temperature for Ir2SnSe5 (black squares), IrSn0.45Se1.55 (red 
circles), and Ir2Sn3Se3 (blue triangles), scaled per atom, em-
phasizing an Einstein mode that shifts to lower energy (red 
and blue arrows). b) Heat capacity over temperature versus 
temperature squared highlighting the electronic heat capaci-
ty (γ). Solid lines are fits extrapolated to zero. 

The plot of Cp/T vs T2 in Figure 5b shows the relation-
ship between the electronic (γ) and phonon (β3) contribu-
tions to specific heat, fit to the equation Cp/T = γ + β3T2.43 
Ir2SnSe5 has an electronic specific heat which within error 
of zero (0.2(3) mJ K-2 mol-1), while Ir2Sn3Se3 is has a non-
zero γ of 0.80(7) mJ K-2 mol-1. The small, non-zero γ for 
Ir2Sn3Se3 is in agreement with the low temperature 
(T < 2 K) upturn in Cp/T3 in Figure 5a. Similarly, 
IrSn0.45Se1.55 also has a non-zero γ = 1.3(8) mJ K-2 mol-1 
which is also in agreement with the sharp increase in low 
temperature (T < 5 K) Cp/T3 in Figure 5a.  

 

Figure 6. a) Normalized resistivity as a function of 
temperature for Ir2SnSe5 (black squares), IrSn0.45Se1.55 (red 
circles), and Ir2Sn3Se3 (blue triangles). Errors are contained in 
the size of the symbols. b) Normalized for Ir2Sn3Se3 shows a 
broad feature at T = 40 K and then an increase again at 
T = 0.75 K. 

Normalized resistivity for Ir2SnSe5, IrSn0.45Se1.55, and 
Ir2Sn3Se3 is shown in Figure 6. The rate at which the nor-
malized resistivity increases at lower temperatures is pro-
portional to the size of its' semiconducting gap, which 
increases from IrSn0.45Se1.55, to Ir2Sn3Se3, to Ir2SnSe5. 
Ir2SnSe5 could not be measured below T = 266 K due to 
the large resistivity, which agrees with the zero electronic 
contribution of specific heat in Figure 7b. Though the 
insulating resistivity of IrSn0.45Se1.55 is conflicting with the 
heat capacity in Figure 7, it is not uncommon for a semi-
conductor to have a non-zero γ due to a finite doping 
(carrier concentration). Ir2Sn3Se3 is also semiconducting 
with a non-zero γ, however it is accompanied by unique 
low temperature (T > 40 K) behavior.  
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The normalized resistivity for Ir2Sn3Se3, shown in Figure 
6b, follows insulating behavior until T ~ 40 K, where it 
first appears to plateau, then decreases, until finally in-
creasing again at T ~ 0.75 K. Though there are many com-
plex explanations for this phenomenon, this type of be-
havior is well known in heavily doped semiconductors, 
and has been observed in p-type Ge 44,45 and modeled in 
p-type Si46 for similar carrier concentrations.  

 

Figure 7. a) Hall resistance versus applied field for Ir2Sn3Se3 
at various temperatures. The inset shows the experimental 
setup. b) Magnetoresistance (MR) of Ir2Sn2Se3 as a function 
of applied field. The magnitude changes sign around 
T = 40 K and increases as temperature decreases. Errors are 
contained by the size of the symbols for both. 

Hall resistance (Rxy) measurements as a function of ap-
plied field are shown in Figure 7a for several temperatures 
(T = 4, 15, 40, 150, 300 K). The sample setup is shown in 
the inset in Figure 7 a and the data was symmeterized. 
The slope of these lines, normalized by sample thickness 
(d), give the hall coefficient (RH), which is equal to 1/ne 

where n is the carrier concentration and e is the elemen-
tary charge.47 All temperatures have a similarly positive 
slope, indicative of p-type doping and a roughly tempera-
ture-independent carrier concentration of 2.2(2)*1019

 cm-3. 
This carrier concentration agrees with the previously re-
ported 2.3*1019 cm-3,4 the resistivity in Figure 6, and the 
small, non-zero γ in Figure 5. Both p-type Ge and Si show 
similar resistivity versus temperature behavior for a carri-
er concentration ~1019 cm-3, and an electronic specific heat 
is expected. Semiconducting behavior is also expected as 
the carrier concentration is still below the Mott metal to 
insulator transition (n < ~1022

 cm-3).48,49  

 

Figure 8. a) Seebeck coefficient (black squares) and the di-
mensionless ZT figure of merit (red triangles) as a function of 
temperature for Ir2Sn3Se3. b) Thermal conductivity (red tri-
angles) and heat capacity (black squares), both over temper-
ature, as a function of T2 to separate lattice and electronic 
contributions. 

There is a small apparent increase in the carrier con-
centration from Hall measurements from 2.01(2)*1019 cm-3 
to 2.40(2)*1019 cm-3, from T = 300 K to T = 15 K respective-
ly. This is most logically explained as arising from ther-
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mally excited states across the gap at high temperature. 
This explanation is consistent with the normalized resis-
tivity for Ir2Sn3Se3, which increases until becoming con-
stant at T = 15 K, where the intrinsic gap no longer con-
tributes thermal n-type carriers. At T < 15 K the carrier 
concentration decreases to 1.91(2)*1019 cm-3 at T = 4 K as 
extrinsic p-type carriers begin to decrease. Attempts to fit 
this data with a simple multi-gap model, as done by 
Fritzsche,44 have proved unsuccessful. A successful model 
to this data would need to include not only impurity scat-
tering (neutral and charged), lattice scattering, and hole-
hole scattering for both intrinsic and extrinsic carriers as 
done by Li 46; but this model would also need to include 
grain effects due to a sintered sample. The complexity of a 
model that could successfully describe these effects is 
beyond the scope of this manuscript. 

Hall mobilities were also calculated using μH = RH/ρxx, 
with the values shown in Table S4. These values are 
roughly in agreement with those calculated from resistivi-
ty alone (ρ-1 = enμ), also shown in Table S4. The above 
relationship between resistivity and mobility also explains 
why the mobilities decrease as temperature decreases, as 
the carrier concentration is roughly temperature-
independent. The mobility values are also reasonable 
considering the semiconducting behavior of Ir2Sn3Se3, and 
the Hall mobilties are within 3% difference from those 
previously reported in Ref. 4. Both resistivity and Hall 
measurements probe the experimental mobility, with 
values that are an "average" of extrinsic and intrinsic car-
riers. It is likely that a probe which better measures only 
the extrinsic carriers would yield a larger mobility. 

Magnetoresistance (MR) for Ir2Sn3Se3 is shown in Fig-
ure 7b for various temperatures. MR is commonly defined 
as (ρ(H)-ρ(0))/ρ(0) and given as a percent. This data was 
collected using the sample setup shown in the inset of 
Figure 7a and was symmeterized. For single-carrier semi-
conductors MR is positive and follows a 1+(μH)2 trend, 
where μ is the mobility and H is the applied field.50 
Ir2Sn3Se3 appears to not follow these trends for several 
reasons. The MR for Ir2Sn3Se3 is only positive when T ≤ 
40 K, which is where the resistivity begins to plateau 
(Figure 6b), and the intrinsic gap no longer contributes 
carriers. Secondly, MR for T = 4 K appears to follow 
Kohler's rule (MR = 1+(μMRH)2)50 initially, with 
μMR = 366(3) cm2V-1s-1, but then appears to have a linear 
relationship above μ0H = 3 T. This deviation could arise 
for a myriad of reasons, such as the polycrystalline nature 
of the sample, different carrier types, or a function of ani-
sotropy.50 The magnitude of μMR is also much higher than 
that from resistivity and Hall measurements, however this 
is likely due to this mobility being from extrinsic carriers 
alone, which would have a higher mobility than intrinsic 
carriers. Single crystal studies are necessary to truly de-
termine the origin of the linear MR behavior at higher 
fields. 

 

Figure 9. a) Band structure for Ir2Sn3Se3 without (black) and 
with (red) spin-orbit coupling (SOC). Ir-d states are seen just 
above the Fermi level, while Se-p states are just below. b) 
Tensile strained band structure for Ir2Sn3Se3, using a unit cell 
uniformly expanded unit cell by 0.6 Å. The Ir-p and Se-d 
states at the Γ point invert. c) The Brillioun zone for R3̄ 
Ir2Sn3Se3 with special points and reciprocal lattice vectors 
shown.  

Results from thermal transport measurements are 
shown in Figure 8a for the skutterudite Ir2Sn3Se3. The left 
axis of Figure 8a shows the Seebeck coefficient (S) versus 
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temperature, and appears positive and roughly linear. 
Noting that S ∝ m*n-2/3T,51 this suggests that the carrier 
concentration (n) and enhanced mass (m*) are roughly 
temperature independent. The sign of the S indicates 
Ir2Sn3Se3 is hole doped, in agreement with the Hall meas-
urements in Figure 7, which also indicates p-type doping 
and a roughly temperature-independent carrier concen-
tration. The right axis of Figure 8a shows the dimension-
less ZT figure of merit, with ZT = S2σT/κ.51 The shape of 
the curve is well understood, as it follows the trends of S2 
and the inverse of the resistivity for Ir2Sn3Se3. 

Calculations on Ir2Sn3Se3. Calculations on Ir2Sn3Se3 
were run to further understand the electronic and 
transport properties, shown in Figure 9. The band struc-
ture in Figure 9a, with the associated Brillouin zone in 
Figure 9c, implies that despite the complex structure, 
Ir2Sn3Se3 is a semiconductor, with a direct gap of ~0.4 eV 
at the Γ point and a single valence band. Ir-d and Se-p 
states contribute to the bands directly above and below 
the Fermi level respectively. Such a simple band structure 
is unexpected from the structure, which warrants further 
investigation of the bands at the Γ point.  

High pressure (compressive strain/reduced unit cell) 
calculations were conducted, which led to an unexpected 
increase in the band gap. This led to reduced pressure 
calculations (tensile strain), using a uniformly 0.6 Å ex-
panded unit cell (a 6.7% increase), with the band struc-
ture shown in Figure 9b. This reduction of the unit cell 
led to an inversion of the Ir-d and Se-p states at the Γ 
point. The Z2 topological invariant was calculated at each 
of the TRIM points, which for R3̄ are Γ, 3F, 3L, and Z. Mul-
tiplying the parity from the occupied states at each TRIM, 
then multiplying the parity of the TRIM points, reveals 
that Ir2Sn3Se3 is a topologically trivial (Z2 = +1), while ten-
sile strained Ir2Sn3Se3 is topologically nontrivial (Z2 = -1) 
due to the inversion of Ir-d and Se-p states at the Γ point. 
Additional calculations show that Ir2Sn3Se3 has a topo-
logical index of 1:(0,0,0), consistent with a strong topolog-
ical insulator with a band inversion at Γ. 

Using the determined carrier concentration of 
n = 2.2(2)*1019 cm-3, the electronic specific heat of 
γ = 0.80(7) mJ mol-1 K-2, along with the electronic band 
structure and density of states (DoS) calculations, we de-
termine an enhanced mass (m*/m) of 7.0(4). This then 
allows us to calculate a mobility from μ = eτ/m*, and the 
relationship between heat capacity (C) and thermal con-
ductivity (κ), κ = ଵ

ଷ
Cv2τ.47 The respective electronic heat 

capacity and thermal conductivity is shown in Figure 8b, 
plotted versus T2 to separate the electronic (γ and κel) and 
phonon (β3 and κph) contributions.43,52 This leads to a mo-
bility of 1110(60) cm2V-1s-1, a value much larger than the 
experimental mobilities calculated from resistivity and 
Hall measurements. This difference is due to what each 
experimental probe measures - resistivity and Hall meas-
urements probe an "average" for all types of carriers, both 
intrinsic and extrinsic. Electronic heat capacity and elec-
tronic thermal conductivity are only from the number of 

carriers at the Fermi level, which are extrinsic p-type car-
riers due to defects. These extrinsic carriers would have a 
much larger mobility than thermal intrinsic carriers 
across a ~0.4 eV gap. Therefore we propose the mobilities 
of 366(3)-1110(60) cm2V-1s-1 are from extrinsic carriers and 
the mobilities of 0.1-10 cm2V-1s-1 are from both extrinsic 
and intrinsic carriers. 

CONCLUSION 

The structures of IrSn0.45Se1.55, Ir2Sn3Se3, and Ir2SnSe5 are 
reported. IrSn0.45Se1.55 is a new Pa3̄ pyrite phase with ran-
domly distributed Sn-Se and Se-Se dimers. Ir2Sn3Se3 is a 
trigonally-distorted R3̄ skutterudite, and the lattice pa-
rameter is within 0.13% of that previously reported cubic 
structure4. Ir2SnSe5 is a new, layered, β-MnO2-like struc-
ture, containing double octahedral IrSe6 rows, corning-
sharing in the a direction, and edge-sharing in the b di-
rection, with each double octahedral layer effectively 
"capped" by (Sn-Se)n polymeric chains.  

Electron counting suggests formulas of Ir3+
2(SnSe)4-

(Se2)2- for IrSn0.45Se1.55, Ir3+
4(Sn2Se2)4-

3 for Ir2Sn3Se3, and 
Ir3+

2(Se2)2-Se2-
2(SnSe)0 for Ir2SnSe5 with Sn-Se dimers, (Sn-

Se)2 tetramers, and (Sn-Se)n polymeric chains respective-
ly. The anion anion bonding is consistent with other Ir 
chalcogenides.18–20 All three compounds are insulating 
and diamagnetic indicative of 5d6 Ir3+. 

Hall measurements, thermal transport, heat capacity, 
and resistivity measurements, as well as electronic struc-
ture calculations, on Ir2Sn3Se3 demonstrate p-type doping 
with a carrier concentration of 2.2(2)*1019 cm-3, an en-
hanced mass (m*/m) of 7.0(4), electronic specific heat (γ) 
of 0.80(7) mJ mol-1 K-2, electronic thermal conductivity 
(κel) of 2.19(2) mW K-2 m-1. Heat capacity measurements 
also show an Einstein mode which broadens and becomes 
more Debye-like as the dimensionality of anion-anion 
bonding increases. Mobilities of 366(3)-1120(6) cm2V-1s-1 
were determined for extrinsic p-type carriers, using 
magnetoresistance, heat capacity, and thermal conductiv-
ity. Resistivity and Hall measurements also measured 
mobilities of 0.1-10 cm2V-1s-1 which represent the overall 
mobility of both extrinsic and intrinsic carriers. 

Electronic band structure calculations also reveal that 
Ir2Sn3Se3 is a direct-gap semiconductor with a gap of ~0.4 
eV. Uniformly expanding the unit cell by 0.6 Å appears to 
turn Ir2Sn3Se3 into a topological insulator. Though this 
6.7% enlargement is moderately sizable, such an increase 
may be possible with strain and/or similar compounds 
with larger atoms. 
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Supporting Methods. Magnetization measurements were run on a Quantum Design Physical Property 
Measurement system using an applied field of μ0H = 1 T. Phases on the ternary diagram were explored by 
heating appropriate stoichiometric ratios according to the main text. The final, reported crystallographic 
information was obtained using TOPAS (Bruker AXS). 

Supporting Results and Discussion. Magnetization measurements (Figure S1) on Ir2SnSe5, IrSn0.45Se1.55, 
and Ir2Sn3Se3 demonstrate diamagnetic behavior, as all three have a small, negative, temperature-
independent response. This defends the assignment of low-spin 5d6 Ir3+ for electron counting. All three 
compounds also have a Curie-tail, due to some amount of defects as well. 

Figure S2 shows the known Ir-Sn-Se phases in a ternary diagram. IrSn0.45Se1.55 exists within the solid 
solution of Ir2Sn1-δSe3-δ, however it competes with the more thermodynamically stable Ir2Sn3Se3 and IrSe2. 
The proposed tie lines in Figure S2 demonstrate that IrSn0.45Se1.55 is accessible because it lies outside the 
phase field of the more stable products. 

Tables S1-S3 present the crystallographic information for IrSn0.45Se1.55, Ir2Sn3Se3, and Ir2SnSe5 respectively, 
for the crystals structures described in the text. Occupancies were fixed due to refining within 1% of 
nominal values and errors given are statistical uncertainties for all three compounds. 

Representative calculations Ir2SnSe5 and IrSn0.45Se1.55 are shown in Figures S3 and S4 respectively, using 
the methods described in the text, with a 10 x 10 x 6 and a 4 x 4 x 4 k-mesh respectively. Ir2SnSe5 is seen to 
be an indirect gap semiconductor, while IrSn0.45Se1.55 is seen to be a semimetal. Ir2SnSe5 converged within an 
absolute energy difference of 10-3 Ha whereas all other calculations converged with an absolute energy 
difference of ~10-4 Ha. The IrSn0.45Se1.55 calculation used an ordered, more stoichiometric, lower symmetry 
P21 model, which is not fully representative of the higher symmetry, off-stoichiometric, disordered 
structure.  
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Figure S1. Magnetization versus temperature for IrSn0.45Se1.55 (red circles), Ir2Sn3Se3 (blue triangles), and 
Ir2SnSe5 (black squares).  
 

 
Figure S2. Ternary diagram for known Ir-Sn-Se compounds with a few proposed tie lines. Shaded areas are 
unexplored. 
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Figure S3. a) Band structure for Ir2SnSe5 without (black) and with (red) spin-orbit coupling (SOC). b) The 
Brillioun zone for P21/m Ir2SnSe5 with special points and reciprocal lattice vectors shown.  

 

 

Figure S4. a) Representative band structure for IrSn0.45Se1.55 without (black) and with (red) spin-orbit 
coupling (SOC) using an ordered P21 model. b) The Brillioun zone for an ordered P21 IrSn0.5Se1.5 model. 
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Table S1. Crystallographic parameters for IrSn0.45Se1.55 using Pa3̄ (205) obtained from Rietveld refinements 
to laboratory powder diffraction data at room temperature. Atomic positions are restricted by symmetry as 
Ir: 4a (0, 0, 0) and Sn/Se: 8c (x, x, x). Occupancies were fixed at nominal values and errors reported are from 
statistical uncertainties. 

  λ (Å) 1.5418 

 
a=b=c (Å) 6.074419(4) 

 
V (Å3) 224.1374(5) 

Ir Uiso (Å2) 0.00793(5) 

 
x 0.37629(4) 

Sn/Se occ 0.225/0.775 

 
Uiso (Å2) 0.00488(8) 

 
Rwp 5.534 

 
Rp 4.157 

 
RF

2 2.964 
  χ2 1.867 

 

ܴ௪௣ = ඨ
∑ห ௢ܻ,௠ − ௖ܻ,௠ห

∑ ௢ܻ,௠
	 

ܴ௣ = 	ඨ
௠൫ݓ∑ ௢ܻ,௠ − ௖ܻ,௠൯

ଶ

௠ݓ∑ ௢ܻ,௠
ଶ  

ܴ௘௫௣ = ඨ
ܯ∑ −ܲ
௠ݓ∑ ௢ܻ,௠

ଶ 	 

GoF = ߯ଶ = ඨ∑ݓ௠൫ ௢ܻ,௠ − ௖ܻ,௠൯
ଶ

ܯ −ܲ  

Table S2. Crystallographic parameters for Ir2Sn3Se3 using rhombohedral R3̄ (148) obtained from Rietveld 
refinement of synchrotron powder diffraction data at room temperature. Atoms are restricted by symmetry 
as 2c (x, x, x) and 6f (x, y, z). Atomic displacement parameters (Uiso) for Sn and Se were constrained with 
each other and occupancies were fixed at nominal values and errors reported are from statistical 
uncertainties. 

  λ (Å) 0.41385   Rwp 8.646   

 
a = b = c (Å) 8.955798(6) 

 
Rp 7.266 

 

 
α = β = γ (°) 89.92625(5) 

 
Rexp 8.052 

   V (Å3) 718.3098(14)   GoF 1.074   

Atom Wyck. Pos. x y z Uiso (Å2) 
Ir1 2c 0.24568(9) 0.24568(9) 0.24568(9) 0.0048(2) 
Ir2 6f 0.74433(9) 0.24428(10) 0.74537(9) 0.00522(9) 
Sn1 6f 0.16794(13) 0.5001(2) 0.34972(14) 0.007338(10) 
Sn2 6f 0.33250(13) 0.99841(12) 0.84959(14) 0.007338(10) 
Se1 6f 0.8527(2) 0.6531(2) 0.9990(2) 0.006421(14) 
Se2 6f 0.6499(2) 0.1518(2) 0.5000(2) 0.006421(14) 
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Table S3. Crystallographic parameters for Ir2SnSe5 using P21/m (11) obtained from Rietveld refinement of 
synchrotron powder diffraction data at room temperature. Atoms are restricted by symmetry as 2e (x, 1/4, z) 
and 4f (x y z). Atomic displacement parameters (Uiso) for Sn and Se were constrained with each other. 
Occupancies were fixed at nominal values and errors reported are from statistical uncertainties. 

λ (Å) 0.41388 α = γ (°) 90 Rwp 12.078 
a (Å) 7.65768(5) β (°) 102.0831(6) Rp 9.791 
b (Å) 7.51027(5) V (Å3) 702.815(8) Rexp 5.200 
c (Å) 12.49737(8)     GoF 2.323 

atom Wyck. Pos. x y z Uiso (Å2) 
Ir1 4f 0.7439(20 -0.0015(5) 0.15063(10) 0.00567(14) 
Ir2 2e 0.2475(3) 1/4 0.1395(2) 0.00567(14) 
Ir3 2e 0.7474(3) 1/4 0.8364(2) 0.00567(14) 
Se1 4f 0.0447(3) -0.0038(11) 0.1091(2) 0.0106(2) 
Se2 4f 0.5412(4) -0.0041(10) 0.7821(2) 0.0106(2) 
Se3 2e 0.3306(13) 1/4 0.9723(5) 0.0106(2) 
Se4 2e 0.6677(13) 1/4 0.0222(5) 0.0106(2) 
Se5 2e 0.8161(10) 1/4 0.3004(4) 0.0106(2) 
Se6 2e 0.1833(10) 1/4 0.7165(5) 0.0106(2) 
Se7 4f 0.7498(4) -0.0023(10) 0.5202(2) 0.0106(2) 
Sn1 2e 0.8352(8) 1/4 0.6513(3) 0.0089(4) 
Sn2 2e 0.1651(8) 1/4 0.3360(3) 0.0089(4) 

 

Table S4. Mobilities extracted from Hall (μH) and Resistivity (μ) data. 

T (K) μH (cm2V-1s-1) μ (cm2V-1s-1) 
4 0.84(8) 0.10(1) 

15 0.95(9) 0.078(7) 
40 0.88(8) 0.030(3) 
150 3.6(3) 0.40(4) 
300 11(1) 1.9(2) 

 


