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Several fcc- and hcp-structured Ir–Os alloys were prepared from single-source precursors in hydrogen
atmosphere at 873 K. Their atomic volumes measured at ambient conditions using powder X-ray diffrac-
tion follow nearly linear dependence as a function of composition. Alloys have been studied up to 30 GPa
at room temperature by means of synchrotron-based X-ray powder diffraction in diamond anvil cells.
Their bulk moduli increase with increasing osmium content and show a deviation from linearity. Bulk
modulus of hcp-Ir0.20Os0.80 is identical to that of pure Os (411 GPa) within experimental errors. Peculiar-
ities on fcc-Ir0.80Os0.20 compressibility curve indicate possible changes of its electronic properties at
�20 GPa.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Heavy transition metals such as Ta, W, Re, Os and Ir have high
densities and extremely high melting points, as well as exceptional
mechanical, thermal and chemical stabilities. Their very low com-
pressibilities (bulk moduli are comparable with those of diamond)
make these metals essential subjects for high-pressure studies.
Phase stabilities, compressibility and equations of state of the pure
platinum group metals (PGM) Rh, Ru, Os and Pd have been inves-
tigated under high pressures up to 75 GPa, whereas Pt and Re have
been studied at multi-megabar pressures up to 304 and 640 GPa,
respectively [1–3]. For PGM (except Ir) and Re no high-
temperature and high-pressure structural transformations were
reported. Cerenius et al. [4] reported formation of 14-layered
superstructure in Ir above �59 GPa, but it was questioned by the-
oretical calculations [5]. There are several controversial reports
regarding the existence of an isostructural electronic topological
transition in Os below 70 GPa [6–8].
Up to now, experimental data for compressibility, hardness, and
phase stability for PGM solid solutions were unavailable. Only
sporadic investigations have been performed for PGM-based
binary systems with non-PGMs (mainly Ir–Hf system) [9,10]. The
detailed information on high-pressure high-temperature behav-
iour and hardness of PGM–Ru, PGM–Re, and PGM–Os (especially
fcc–hcp-based systems) solid solutions helps in a search of
materials with promising mechanical and chemical properties
[11]. Recently, [12] two ordered phases, namely Ir8Os and IrOs5,
stable at low temperature were predicted by the high-throughput
calculations. Since ordered phenomena in PGM-based binary
systems have not yet been observed experimentally, predicted
phases should be evaluated with a great precaution. Detailed
high-pressure experiments may reveal experimental conditions
for stabilizing ordered and/or metastable binaries. An application
of high pressure and high temperature to alloys between low
compressible metals may induce structural changes unknown for
pure species, how it has been observed for instance for Sn-based
alloys under high-pressure [13].

The binary Ir–Os system has been investigated in detail at ambi-
ent pressure up to the melting point of osmium which is reported
to be 3306 K [14–17]. The corresponding peritectic equilibrium
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phase diagram has a nearly vertical miscibility gap in the solidus
part between face centred cubic (fcc) and hexagonal closed packed
(hcp) phases with maximal solubility of Ir in Os and Os in Ir at
1273 K estimated as 42 and 37 at.% respectively and peritectic
temperature determined as 2933 K (Fig. 1). Phase stability in the
Ir–Os system has also importance for the genesis of the natural
Ir–Os–Ru and other PGM-based metallic minerals which show
complex nature and non-equilibrium character at ambient
conditions due to their formation under high-pressure from the
poly-component melt in Earth mantle [18–20]. Os-rich phases
are particularly interesting due to the significance of Os as a possi-
ble model of iron behaviour in the Earth’s core [21].

The goal of present work is to improve knowledge about phase
stability and compressibility under high pressure of binary Ir–Os
system. Pre-synthesized homogeneous Ir–Os solid solutions in a
wide range of concentrations were systematically investigated
under high temperature at ambient pressure and high pressure
at room temperature.
2. Experimental details

Ir–Os solid solutions were prepared using single-source precursors strategy
based on our previous findings [22,23]. (NH4)2[IrxOs1�xCl6] precursors were crystal-
lized from concentrated water solutions of K2[OsCl6] and (NH4)2[IrCl6] (both 99.9%
purity, abcr GmbH & Co. KG) by adding excess of saturated at room temperature
NH4Cl (ACS reagent of 99.5%, Sigma–Aldrich) solution in distilled water. Brown-
black precipitates were filtered out, washed with 1 M water solution of NH4Cl
and acetone. All IrxOs1�x samples were prepared by thermal decomposition of crys-
talline single-source precursors (NH4)2[IrxOs1�xCl6] in 10-vol.%-H2/90-vol.%-N2

(compressed gas mixture, AGA) stream during 0.5 h at 873 K with further cooling
to room temperature during 10 h. Samples were also annealed in evacuated quartz
ampoules at 1273 K during 48 h and quenched in ice-cold water to proof their tem-
perature stability. Phase composition and cell parameters of synthetized and
annealed at high-temperature samples was proved by in house powder X-ray
diffraction (PXRD) using an ARL X’TRA diffractometer (Cu Ka-radiation, Ni-filter,
position sensitive detectors, Bragg–Brentano reflection geometry, 2H = 5–100�,
D2H = 0.03�, 10 s/step, room temperature). A polycrystalline sample was slightly
ground with hexane using an agate mortar, and the resulting suspension was
deposited on the polished side of a quartz sample holder, a smooth thin layer
formed after drying. Silicon powder was taken as an external standard
(a = 5.4309 Å, FWHM 2H = 0.1�) for calibration of the zero-shift of the goniometer
and instrumental line broadening. Only fcc- and hcp-based alloys as well as their
two-phase mixtures were found as products of different syntheses (Table 1).
Diffraction lines show noticeable broadening corresponding to particle size about
100 nm. Morphology and composition of resulting metallic powders were investi-
gated using FEI Quanta 200 FEG-ESEM scanning electron microscope (SEM)
equipped with EDAX EDS. Only iridium and osmium were found in all metallic sam-
ples, metallic composition has been obtained in 3–4 independent points and
averaged.
Fig. 1. Experimental Ir–Os binary phase diagram [15]. Squares and hexagons
correspond to fcc and hcp alloys synthesized in the current work; two-phase
samples are shown by circles; arrows indicate transformations upon heating.
High-pressure PXRD data for hcp-Ir0.20Os0.80 and hcp-Ir0.40Os0.60 were collected
up to 25 GPa and for fcc-Ir0.80Os0.20 up to 55 GPa at room temperature at the ID-09A
beam-line at the ESRF (k = 0.4145 Å, MAR 555 flat panel detector, beam size
10 � 15 lm2). hcp-Ir0.55Os0.45 alloy has been investigated up to 30 GPa at the 13-
IDD beam-line at the APS (k = 0.3100 Å, CCD MAR 165 detector, beam size
3 � 3 lm2). BX90 diamond anvil cells with 250 lm or 120 lm culet size diamonds
were employed [24]. Rhenium gaskets were pre-indented to thickness of about
20 lm and holes with diameter of about half of diameter of culet size were drilled
in the centre of the indentation. High-temperature silicone oil (Dow Corning 200�

with viscosity 60,000 cSt at 25 �C from Sigma–Aldrich) was used as pressure-trans-
mitting medium in experiments at ESRF, and neon (loaded at pressure 1.3 kbar) in
experiment at APS. Pressure was determined using equation of state of gold [25]
loaded in the pressure chamber as small piece of wire of 5 lm diameter and about
10 lm length, or as flake of compressed fine powder. For data analysis, two-
dimensional images were first integrated to one dimensional intensities counts as
a function of diffraction angle using the FIT2D software [26]. Unit cell parameters
were refined using model-free full-profile refinement. Unit cell, background, and
line-profile parameters for sample and gold internal standard were refined simulta-
neously using JANA2006 software [27]. A typical least-square fit is shown in Fig. 2.

3. Results and discussion

3.1. Phase composition of Ir–Os alloys

Seven IrxOs1�x samples with x = 0.80, 0.65, 0.60, 0.55, 0.50, 0.40,
0.20 were synthesized. Four samples with x < 0.55 have hcp struc-
ture. hcp-Ir0.55Os0.45 and hcp-Ir0.40Os0.60 have compositions close to
limiting stability regions of fcc and hcp phases, respectively (Fig. 1).
hcp-Ir0.50Os0.50 falls in the middle of miscibility gap between fcc
and hcp phases on the experimental phase diagram [15]. Two sam-
ples with compositions Ir0.60Os0.40 and Ir0.65Os0.35 correspond to fcc
region of phase diagram (Fig. 1) but, according to PXRD, both are
two-phase mixtures. The clear disagreement between phase
composition of prepared solid solutions and existing experimental
diagram can be explained by the metastable nature of phases
synthesized from single-source precursors under relatively mild
conditions (short heating at 873 K). The elemental analysis sug-
gests that chemical composition of alloys is defined by Os:Ir ratio
in the starting water solutions of K2[OsCl6] and (NH4)2[IrCl6]. A
possible presence of non-metals (Cl, N, O, H) or K was not detected
by EDX as well as any admixtures such as metallic hydrides or
chlorides were not detected by PXRD. Metallic composition for
resulting metallic alloys obtained by EDX is shown in Table 1.
SEM images reveal that alloys powders consist of octrahedrally
shaped micrometer-scale porous conglomerates which inherit ini-
tial shape of precursor’s crystals (Fig. 3). Conglomerates include
smaller particles of various sizes.

3.2. Atomic volumes of Ir–Os alloys: composition dependence

The atomic volume is defined as a ratio between the unit cell
volume, V, and number of atoms per the unit cell, Z (Z = 2 for hcp
and Z = 4 for fcc structures). According to Zen’s law [30], the atomic
volumes, V/Z (Å3 atom�1), for hcp–fcc bimetallic alloys should fol-
low nearly linear dependence on composition with a relatively
small positive or negative deviation [31,32]. Data for atomic vol-
umes of several Ir–Os phases known in the literature [28,29,22]
are summarized in Table 2. Cell parameters for a number of alloys
investigated in [29] were obtained with relatively high errors
which makes analysis of possible positive or negative deviations
difficult. Data on samples investigated in the present study are pre-
sented in Table 1 and graphically in Fig. 4.

Previous experimental data for Ir–Os alloys have been obtained
with relatively high experimental uncertainties, which makes V/Z-
composition dependence based on the polynomial functions less
reliable. The corresponding V/Z-composition dependence can be
approximated linearly:

V=Z ðÅ3
atom�1Þ ¼ 14:157ð6Þ � 0:18ð1Þ � xOs ð1Þ
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where xOs is atomic fraction of Os in the alloy. One can use this
dependence to estimate the composition of Ir–Os phases with
known unit cell parameters (Fig. 4). That is especially relevant for
two-phase samples where only the initial total composition is
known. Detailed analysis of as-synthetized and annealed two-phase
samples outsteps current study and will be presented later.

3.3. High-temperature annealing of synthesized the Ir–Os alloys at
ambient pressure

Three hcp-Ir0.45Os0.55, hcp-Ir0.50Os0.50, and hcp-Ir0.40Os0.60

samples appeared to be single phase in two-phase region of the
equilibrium phase diagram which may be a sign for their metasta-
ble nature. Three fcc-Ir0.80Os0.20, hcp-Ir0.55Os0.45, and hcp-Ir0.40Os0.60

single-phase samples were annealed at 1273 K.
Transformations of samples upon heating are schematically

presented in Fig. 1. Cell parameters and phase compositions for
two phase samples have been estimated using linear equation
(1), phase fractions were refined from PXRD data (Table 1). Phase
composition after annealing (Table 1) is consistent with existing
phase diagram. At least the hcp-Ir0.45Os0.55 sample has metastable
nature which can be explained by the nonequilibrium formation of
the hcp phase from a single-source precursor. The same phase
separation has been observed previously for hcp-Ir0.50Os0.50 alloy
prepared from [Ir(NH3)5Cl][OsBr6] in hydrogen atmosphere at
923 K [22]. Its annealing at 1273 K during 72 h results in the
formation of a two-phase mixture. Cell parameters and phase
composition for fcc-Ir0.80Os0.20 and hcp-Ir0.40Os0.60 have not chan-
ged during annealing. Importantly, initially two-phase sample
Ir0.65Os0.45 does not transform into fcc single-phase which can be
possibly explained by a low diffusion rate across interfaces
between separated phases.

3.4. Atomic volumes of Ir–Os alloys: pressure dependence

Room temperature compressibility curves for pure metals as
well as for solid solutions (except fcc-Ir0.80Os0.20) show no
pressure-induced phase transitions and can be fitted using the
third-order Birch-Murnaghan equation of state (BM-EoS) which
includes three parameters – V0 (specific volume at ambient pres-
sure), B0 (bulk modulus), and B00 (pressure derivative of bulk mod-
ulus). The data have been analysed up to 20 for hcp-Ir0.40Os0.60

alloy, up to 15 for hcp-Ir0.20Os0.80, 32 for hcp-Ir0.55Os0.45, and up
to 55 GPa for fcc-Ir0.80Os0.20 (Figs. 5 and 6). Due to the limited
Fig. 2. Least-square fit for hcp-Ir0.20Os0.80 with gold as internal standard at 28.6 (5)
GPa (k = 0.4145 Å). Experimental data-points are shown as circles, refined profile –
as solid line, difference curve is shown at the bottom. Inset shows radial sweep of
2D image.



Fig. 3. SEM images of (NH4)2[Ir0.65Os0.35Cl6] precursor (a) and its decomposition product (b and c).

Table 2
Crystallographic data for known alloys in the Ir–Os system.

Sample a (Å) c (Å) c/a Space group Dx (g cm�3) V/Z (Å3 atom�1) Refs.

fcc-Ir 3.8400 (1) – – Fm3m 22.560 (1) 14.1556 (1) [28]
fcc-Ir0.88Os0.12 3.84 (2) – – Fm3m 22.52 (1) 14.155 (60) [28]
fcc-Ir0.80Os0.20 3.8558 (7) – – Fm3m 22.574 (3) 14.11 (4) [29]
fcc-Ir0.75Os0.25 3.836 (2) – – Fm3m 22.558 (3) 14.11 (2) [22]
hcp-Ir0.50Os0.50 2.729 (2) 4.361 (3) 1.598 (2) P63/mmc 22.576 (3) 14.06 (2) [22]
hcp-Ir0.50Os0.50 2.729 (2) 4.363 (3) 1.599 (2) P63/mmc 22.565 (3) 14.07 (2) [22]
hcp-Ir0.35Os0.65 2.7361 (7) 4.3417 (12) 1.587 (1) P63/mmc 22.523 (3) 14.07 (4) [29]
hcp-Ir0.30Os0.70 2.7347 (7) 4.3380 (12) 1.586 (1) P63/mmc 22.553 (3) 14.05 (4) [29]
hcp-Ir0.25Os0.75 2.733 (2) 4.331 (3) 1.585 (2) P63/mmc 22.606 (3) 14.01 (2) [22]
hcp-Ir0.20Os0.80 2.7332 (7) 4.3272 (12) 1.583 (2) P63/mmc 22.610 (3) 14.00 (6) [29]
hcp-Ir0.10Os0.90 2.7332 (7) 4.3224 (12) 1.582 (2) P63/mmc 22.605 (3) 13.98 (6) [29]
hcp-Os 2.7341 (1) 4.3197 (2) 1.580 (1) P63/mmc 22.587 (1) 13.9825 (1) [28]

Fig. 4. Concentration dependence of atomic volumes of Ir–Os alloys and corre-
sponding linear fit. Squares and hexagons correspond to fcc and hcp alloys
respectively. Literature values [22,28,29] are shown as open symbols and filled
symbols are for the values obtained in the current study.
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pressure range covered in the current study we have to restrict B00
to 4, and to fit the compressibility curves with second order BM-
EoS. The constraint seems to be also reasonable for pure Os and
Ir while the best fits with an acceptable minimum between
observed and calculated pressures for compressibility data
obtained for B00 equal or close to 4, as well as finite strain theory
suggests that this value should be close to 4 in stiff materials [33].

Since the cell volumes at ambient pressure were determined
with nearly the same experimental uncertainties as for high-
pressure data points, the ambient pressure volumes were included
in the fitting with EoS-Fit 5.2 software [34]. In all cases, V0 values
obtained from the fitted compressibility curves and measured
directly at ambient conditions were almost indistinguishable
(Table 3).

Bulk moduli, B0 (GPa), of Ir–Os alloys appeared between those
of pure Ir and Os [4,7,8,33–35] (Table 3 and Fig. 5). As have been
mentioned above, data on bulk modulus of pure Os are rather con-
troversial [7,8,37,38]. Reported values vary from 395 GPa to
462 GPa i.e. according to Ref. [35] Os is even less compressible than
diamond, which has B0 = 443 (2) GPa [39]. According to thermody-
namic model developed by Varotsos and Alexopoulos [40], bulk
moduli, B0(xOs), as a function of the atomic fraction of osmium,
xOs, can be written using the following equation:

B0ðxOSÞ ¼ BIr

1þ xOS
VOS
V Ir
� 1

� �

1þ xOS
BIrVOS
BOSV Ir

� 1
� �

2
4

3
5; ð2Þ

where BIr and Bos (GPa) are bulk moduli, and VIr and VOs (Å3�atom�1)
are atomic volumes at ambient pressure of pure Ir and Os corre-
spondently. Using fixed B0 for pure Ir equal to 354 (6) GPa [4] and
atomic volumes for pure Ir and Os as 14.1556 and 13.9825 Å3 -
atom�1 correspondently (Table 3), experimental bulk moduli for
alloys can be fitted using Eq. (2) (Fig. 6). Experimental B0 values
for osmium (Table 3) do not fit Eq. (2) and can be parameterized
to get the best fit within the dataset as 442 (2) GPa. As both, Os
and Ir, show controversial bulk moduli, further precise studies
should be performed to improve their EoS at room and high-
temperatures. Fitting of the bulk moduli dependence with variable
B0 for pure Ir and Os gives close values 354 (2) and 442 (4) respec-
tively. Both fitted B0 for pure osmium are slightly smaller in
comparison with diamond. Our analysis shows that bulk moduli
for Ir–Os alloys can be explained using thermodynamic model
developed by Varotsos [40] and applied for various metallic (see
i.e. [41]) and salt binary systems [42]. The model is based on the
approximation that the molar volume of an alloy depends linearly
on the composition, which interconnects the point defect parame-
ters in alloys and their bulk moduli [42].



Fig. 5. Relative volume compressions for Ir [4], Os [7] (dashed lines), and Ir–Os
alloys (solid lines).

Fig. 6. A composition dependence of bulk moduli for pure Ir, Os and Ir–Os alloys.
Line corresponds to B0(xOs) dependence according to Eq. (2) with fixed B0 = 354 GPa
for Ir [4] and fitted B0 for Os (fitting gives B0 = 442 (2)). Star shows bulk modulus for
diamond [39].

Fig. 7. Pressure dependence of atomic volume for fcc-Ir0.80Os0.20 sample. Lines show
the second-order BM-EoS fits for the whole pressure interval (orange), below
20 GPa (blue) and above 20 GPa (green). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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The compressibility of fcc-Ir0.80Os0.20 has been measured up to
55 GPa. Material retains fcc structure up to the highest pressure
reached, but there is an obvious change in the compressibility
above 20 GPa (Fig. 7). Below 20 GPa the fitted values of B0 = 368
(4) GPa, V0/Z = 14.09 (1) Å3 atom�1 and above �B0 = 484 (7) GPa,
V0/Z = 13.98 (1) Å3 atom�1. Fitting the whole data range (from
ambient pressure to 55 GPa) gives unreasonably high bulk
Table 3
Fitted parameters for the second-order BM-EoS for compressed Ir–Os binary alloys and pu

Sample V0/Z (Å3 atom�1)a V0/Z (Å3 atom

fcc-Ir (up to 65 GPa) 14.1556 (1) –
fcc-Ir (up to 70 GPa) 14.1556 –
fcc-Ir (up to 55 GPa) 14.1556 (1) 14.145
fcc-Ir (up to 55 GPa) 14.1556 (1) 14.145
fcc-Ir0.80Os0.20 (up to 20 GPa) 14.112 (2) 14.09 (1)
hcp-Ir0.55Os0.45 (up to 32 GPa) 14.092 (2) 14.07 (1)
hcp-Ir0.40Os0.60 (up to 20 GPa) 14.069 (2) 14.06 (2)
hcp-Ir0.20Os0.80 (up to 15 GPa) 13.982 (4) 14.00 (1)
hcp-Os (up to 75 GPa) 13.9825 (1) 13.971 (4)
hcp-Os (up to 58 GPa) 13.9825 (1) 13.988
hcp-Os (up to 65 GPa) 13.9825 (1) 13.978

a Atomic volume refined from PXRD data at ambient conditions.
b Atomic volume obtained from BM-EoS.
modulus B0 = 446 (5) GPa with V0/Z = 14.04 (1) Å3 atom�1 and rel-
atively large deviations from experimental points at the pressure
about 10–25 GPa and above 45 GPa. This observation may point
on isostructural transition at about 20 GPa, but confirmation of this
hypothesis requires further experimental and theoretical
investigations.

Silicone oil has been used as a pressure-transmitting medium,
which can be non-hydrostatic at high pressure. Comparative stud-
ies [43–45] for various transmitting media such as helium, silicone
oil and methanol:ethanol mixture for compressions at room
temperature reveal reasonable results for various inorganic and
metallic compounds such as BaSO4 up to 48 GPa [45], Dy up to
87 GPa [46], Am up to 100 GPa [47,48] U up to 100 GPa [49], and
Pa up to 130 GPa [50] without appearance of any pronounced spe-
cialties in their compressibility curves. Such findings make possible
a usage of silicone oil as pressure-compressing medium as it
requires no special sample-loading equipment [43]. To exclude
errors in pressure measurement due to the pressure inhomogene-
ity and gradient, gold calibrant was placed next to the sample and
structural parameters were refined from two-phase scans which
include both, sample and gold calibrant (see Fig. 2). Parallel mea-
surements in different regions of the sample give comparable pres-
sure and structural parameters as well as diffraction intensity
distributes uniformly along diffraction rings (see Fig. 2, inset) up
to 55 GPa without any visible signs characteristic for texturing
and mechanical stress in the sample. At the same time, any indica-
tion of radiation induced decomposition of silicone oil or reaction
re Ir and Os.

�1)b B0 (GPa) B00 Refs.

354 (6) 4 [4]
391 (4) 3.3 (2) [35]
365 (5) 4 [36]
383 (14) 3.1 (8) [37]
368 (4) 4 Present study/ESRF in oil
393 (7) 4 Present study/APS in Ne
403 (16) 4 Present study/ESRF in oil
420 (5) 4 Present study/ESRF in oil
411 (6) 4.0 (2) [7]
395 (2) 4.5 (1) [8]
462 (12) 2.4 (5) [37]
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between oil and samples were not observed. Nevertheless, further
experiments using inert gases such as He or Ne as pressure-
transmitting media are needed to confirm high-pressure behaviour
of alloys above 20 GPa.
4. Summary and conclusions

Decomposition of single-source precursors can be used for the
preparation not only thermodynamically stable multicomponent
alloys under mild conditions but also metastable phases such as
hcp-Ir0.50Os0.50 alloy. Further annealing of the metastable phases
results in the relaxation to the stable state, which conforms with
existing equilibrium phase diagram. Synthesis and annealing can
be performed in a reasonable time scale which makes the single-
source precursors strategy suitable for fundamental research and
industrial applications. Cold compression of fcc-Ir0.80Os0.20, hcp-
Ir0.55Os0.45, hcp-Ir0.40Os0.60, hcp-Ir0.20Os0.80 and metastable at ambi-
ent conditions hcp-Ir0.45Os0.55 up to 30 GPa does not reveal any
structural transformations. Their atomic volumes measured at
ambient conditions using powder X-ray diffraction follow nearly
linear dependence as a function of composition. Bulk moduli fitted
with the second-order Birch-Murnaghan equation of state also
depend on the composition of alloys and increase with increasing
osmium content. The concentration dependence of bulk moduli
for Ir–Os alloys can be described by a thermodynamic model devel-
oped by Varotsos [40], which interconnects the point defect
parameters in alloys and their bulk moduli. Compressibility curve
of fcc-Ir0.80Os0.20 measured up to 55 GPa cannot be fitted with a
single equation of state indicating possible changes in properties
of this alloy at about 20 GPa. Further experiments with various
compositions for both fcc and hcp alloys should be performed at
pressure above 20 GPa to prove presence of any transitions at
about 20 GPa. Theoretical calculations of electronic structure of
alloys under pressure may support our findings as well as direct
spectroscopical investigation of their electronic states under pres-
sure above and below 20 GPa.
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