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Abstract

Hcep—Iry24Ru 3608040 and fee—Irg ssRu0.060s0.10 ternary alloys as well as binary Acp—Irg33:Ru067 and
fec—Irg7sRug s ones were prepared using thermal decomposition of [Ir,Ru;.«(NH3)sCI][Os,Ir.,Cle]
single-source precursors in hydrogen flow below 1070 K. These single-phase alloys correspond
to ternary and binary peritectic phase diagrams and can be used as synthetic models for rare
iridosmine minerals. Thermal decomposition of parent bimetallic precursor [Ir(NH;)sCl][OsCls]
has been investigated using in situ powder X-ray diffraction in inert and reductive atmospheres.
In reductive atmosphere, [Ir(NH;)sCl][OsClg] forms (NH4),[OsCls] as crystalline intermediate; Ir
from its cationic part is reduced by hydrogen with a formation of defect fcc-structured metallic
particles; the final product is a metastable hcp—IrosOsos alloy. In inert atmosphere, the salt
decomposes at higher temperature without a formation of any detectable -crystalline
intermediates; two-phase fccthcp mixture forms directly above 800 K. Room temperature
compressibility up to 50 GPa has been studied for all prepared alloys in diamond anvil cells.
Investigated ternary and binary alloys do not show any phase transitions upon compression at
room temperature. In contrast with other investigated ultra-incompressible refractory alloys with
osmium and iridium, Acp—Iry33Ruoe7, fee—Irg7sRu025 binary and fec—IrgsaRuo060s0.10 ternary alloys
show higher compressibility in comparison with pure metals. Fecc—Iro7sRug2s alloy shows several
magnetic phase transitions (at approx. 3.4 K, 135 K and 233 K) that could be related to different

magnetic phases.

Keywords: iridosmine, refractory alloys, single-source precursors, high-pressure high-

temperature.



1. Introduction

Refractory alloys based on platinum group metals have found broad applications as
materials for extreme environments. Platinum group binary and ternary alloys are highly stable
under mechanical impact, oxidative environment as well as under heating and compression [1].
Since their discovery, platinum group metallic minerals such as ferroplatinum and iridosmine
were considered as one of the most important sources for rare platinum group metals [2]. Such
minerals generally containing several components and having as minimum two phases are
formed from the magmatic melt under high-pressure high-temperature conditions [3-5].
Iridosmine is an example of a unique metallic mineral with high hardness. Under ambient
conditions, it has the highest density among all minerals and materials known. As soon as it is
the main source of iridium and osmium its genesis and properties attract attention of geologists
and geophysicists.

Iridosmine minerals are mainly Ir-Os—Ru ternary alloys. Ir-Os and Ir—Ru binary phase
diagrams contain fcc and Acp stability fields which also exist in ternary Ir—-Os—Ru phase diagram.
Nevertheless, single-phase mineral samples are quite rare and have never been investigated to
obtain fundamental properties of Ir-Os—Ru alloys while ternary Ir-Os—Ru phase diagram has
never been investigated experimentally. High hardness and small particle sizes in multiphase
iridosmine mineral probes do not give an experimental possibility to investigate individual
phases using X-ray diffraction and obtain their precise cell parameters at ambient conditions as
well as upon heating and compression. High melting temperature does not give much
possibilities to probe experimentally fundamental properties of iridosmine minerals under
realistic geological conditions.

After 1960, Cabri and Harris performed detailed systematic study of iridosmine minerals
and drafted Ir-Os—Ru phase diagram based on the phase and elemental composition of existing
natural multicomponent and multiphase samples [6]. Nevertheless, direct experimental

knowledge about Ir—Os and Ir—Ru binary alloys as well as Ir-Os—Ru ternary systems might be



important for understanding a general constitution of ternary and multicomponent natural and
synthetic alloys; stability, thermal expansion and pressure compressibility studies of binary and
ternary alloys might give a solid basis for modelling of thermodynamic conditions of iridosmine
mineral formation and transformation.

High-pressure properties of Ir-Os binary alloys were recently investigated up to 140 GPa
[7, 8]. In contrast, binary Ir—Ru alloys as well as ternary Ir-Os—Ru alloys and a corresponding
ternary phase diagram have never been investigated experimentally under heating and
compression. However, ternary Ir—-Os—Ru phase diagram contains three binary sides Os—Ru, Ir—
Os and Ir—Ru, all of which were constructed experimentally. In the current study, we report
synthesis, thermal expansion and high-pressure compressibility up to 50 GPa of fcc- and hcp-
structured Ir—Ru binary and Ir—Os—Ru ternary alloys. The first magnetometry results of Ir-Ru
binary alloys are also demonstrated. Refractory alloys were prepared in the form of single phases
using thermal decomposition of single-source precursors. Binary Ir—Ru alloys were prepared
from [Ru(NH;)sCl],[IrCls]Cl, (hcp—Iros3Ruee7) and [Ir(NH;)sCl]o.so[ Ru(NH;3)sCl]oso[IrCls] (fec—
Iro7sRu25) single-source precursors below 900 K in a hydrogen flow. Ternary Ir-Os—Ru alloys
were obtained as products of thermal decomposition of [Ir(NH;)sCl],[Ru(NH;)sCl].

[ IrClg]s[OsCl]1. below 1100 K in a hydrogen flow as well.

2. Experimental

[Ir(NH;)sCl]Cl, and [Ru(NH3)sCI|Cl, were prepared from IrCly:xH,O and RuClsxH,O [9,
10]; (NH4),[OsCls], K5[IrCls] and (NH4),[IrCls] were obtained from Sigma Aldrich. Hep—
Irp33Ru06; was prepared from an individual compound [Ru(NH;)sCl]o[IrCls]Cl,, and fec—
Irp7sRu2s was prepared from [Ir(NH;)sCl]o.so[ Ru(NH;3)sCl]oso[IrCls] according to published
protocols [11]. Briefly, for a preparation of [Ru(NHj3)sCl],[IrCls]CL, a solution of K;[IrCls] in 0.1
M HCI was mixed with solid [Ru(NHj;)sCI]Cl, and kept in the dark for 5 days. After complete

dissolution of starting [Ru(NH;)sCI|Cl,, dark brown crystals were filtered from the solution,



washed with water and acetone, and dried in air. [Ir(NH;)sCl]oso[ Ru(NH3)sCl]os0[IrCls] was
prepared from water solution: calculated amounts (1:1 molar ratio) of [Ir(NH;)sCl]CL, and
[Ru(NH;)sCI]Cl, were dissolved in a minimum amount of water and mixed with a K,[IrCls]
water solution. A dark brown precipitate was filtered after 3 h, washed with water and acetone,
and dried in air. Precursors were heated in hydrogen flow up to 900 K, annealed for 30 minutes
and cooled down to room temperature.

Ternary Ir—Os—Ru alloys were also prepared by thermal decomposition of single-source
precursors (Table 1) [12]. Precursors were synthesised from water solutions according to the
following procedure, where the amounts of [Ir(NH3)sCl]CL, [Ru(NH3)sCI]Cl,, (NH4),[OsCls] and
(NH4):[IrCls] were calculated according to the general equation listed below. Mixtures of
chloropentaammines and hexachlorometallates were separately dissolved in hot water. The hot
solutions were mixed, stirred and naturally cooled down to room temperature. The brownish
crystalline precipitates were filtered, washed with cold water and ethanol, and dried afterwards.
Metallic alloys were prepared by thermal decomposition of precursor’s powders in H, flow at
1070 K.

Morphology and compositions of alloys were analysed using a FEI Quanta 200 FEG-
ESEM scanning-electron microscope equipped for energy dispersive X-ray spectroscopy (EDX).
Final metallic alloys were sieved on two side glued conductive carbon tape as thin homogeneous
layer of individual isolated particles. Such approach does not give systematic errors and has been
tested on hcp-IrossRuge;  binary alloy prepared from the discrete compound
[Ru(NHs3)sCl];[IrCls]Cl, with known composition. Compositions were averaged in 4—5 points.

Phase composition and cell parameters of metallic alloys were obtained by powder X-ray
diffraction (PXRD) using an ARL X'TRA diffractometer (CuKa-radiation, Ni-filter, Bragg-
Brentano reflection geometry, 20 = 5-100°, A20 = 0.03°, 10 s/step, room temperature).
Polycrystalline samples were slightly ground with hexane using an agate mortar, and the

resulting suspensions were deposited on a polished side of quartz sample holder; a smooth thin



layer was formed after drying. Silicon powder was taken as an external standard (a = 5.4309 A,
FWHM 20 = 0.1°) for calibration of the zero-shift of the goniometer and the instrumental line
broadening. Only fcc- and hcp-structured alloys as well as their two-phase mixtures were found
as products of thermal decomposition of single-source precursors (Table 1).

Ambient pressure thermal expansion curves for hcp—Iro24Ru0360s040 and fec—
Iro84Ru0060s0.10 alloys were obtained on the basis of the diffraction data collected at the 111
beamline at the DIAMOND Light Source (Oxfordshire, UK, A = 0.825352 A). The samples as
fine powders were placed in 0.5-mm glass capillaries and cooled down to 100 K using Oxford
cryo-stream device. Temperature-dependent diffraction patterns were collected upon temperature
increase from 100 K to 400 K in 10 degrees steps using a Mythen-2 position sensitive detector
[13]. Primary data for temperature dependence of cell parameters can be found in Supplementary
Tables S4 and S6.

Thermal decomposition of [Ir(NH;)sCl][OsClg] in reductive atmosphere has been
investigated in situ using powder X-ray diffraction (PXRD) set-up on the Swiss-Norwegian
Beam Lines (BMO1A, European Synchrotron Radiation Facility (ESRF), Grenoble, France). The
sample, in a powder form, was placed in 0.5 mm fused quartz mark tube (Hilgenberg GmbH,
Germany). The tube was connected to a 2 vol.% H»/He flow (0.1-0.5 ml/min) and heated with a
hot air stream from room temperature to 1000 K with a ramp rate of 10 K/min. Temperature has
been calibrated by thermal expansion of silver powder cell parameters as an external standard.
The wavelength (A = 0.68894 A) and sample-to-detector distance have been calibrated using a
LaB¢ powder (NIST SRM 660c) as an external standard. Data have been collected every 20 s
(approximately every 3 K in the temperature scale) using a PILATUS2M 2D flat detector.
Thermal decomposition of [Ir(NH;)sCl][OsCl¢] in inert atmosphere has been investigated using a
similar set up installed at the ID11 beamline (ESRF) in N, flow. The wavelength (A = 0.30860 A)
and sample-to-detector distance have been calibrated using a CeO, powder as an external

standard. Data have been collected every second (every 0.5 K in the temperature scale) using a



FReLoN 2K (ATMEL chip) flat detector. Experimental two-dimensional diffraction data have
been converted and processed using the SNBL software toolbox [14]. Temperature dependent
PXRD patterns were plotted and analysed using Powder3D software [15]. Phase compositions
were verified using the PDF database [16].

Room temperature compressibility curves for Acp—Iro:3Rupe; and fec—Irg7sRugs binary
alloys were collected at ID15B beamline up to 46 GPa (ESRF, Grenoble; A = 0.411235 A, 250
um culet sizes, He as a pressure transmitting medium, ruby as a pressure calibrant, MAR 555 flat
panel detector, beam size 10(v)x10(k) um?). Compressibility curve for Acp—Irg24Rug36080.40
ternary alloy was also collected at ID15B beamline up to 40 GPa (ESRF, A = 0.411546 A, 300
um culet sizes, Ne as a pressure transmitting medium, ruby as a pressure calibrant, MAR 555 flat
panel detector, beam size 10(v)x10(kh) pm?). The sample was loaded in diamond anvil cells
(DAC) equipped with conically supported Boehler Almax anvils.

Compressibility curve for fcc—IrossRuo06050.10 ternary alloy was collected at high pressure
beamline P02.2 (Petra III, DESY, Hamburg) (A = 0.2917 A, Perkin Elmer XRD1621 flat panel
detector, beam size 5(v)*x8(h) um?) up to 51 GPa. The sample was loaded in the BX90-type DAC
[17] equipped with Boehler-Almax diamonds (250 um culet size). Neon was loaded at 1.5 kbar
in Bayerisches Geoinstitut [18] and served as a pressure transmitted medium and an internal
pressure calibrant. Additionally, a piece of Au was loaded as a pressure marker in the sample
chamber. Pressure values were averaged with respect to both standards using the corresponding
equations of state [19].

High-pressure diffraction data were integrated using DIOPTAS software [20]. The unit cell
parameters, the background, and the line-profile parameters for the sample and Ne were refined
simultaneously using JANA2006 software [21]. The P-V data were fitted using EoS-Fit7
software [22]. All primary data for pressure dependent cell parameters are summarized in

Supplementary Tables S1-S3 and S5. Modelling of binary and ternary phase diagrams has been



performed using PANDAT 6 software [23]. Thermodynamic parameters for pure metals were
taken from the SGTE database [24].

IR-spectra were collected using a Scimitar FTS 2000 Fourier-spectrometer «DIGILAB»
(4000400 cm ™', medium IR region) and a Vertex 80 «Bruker» spectrometer (600-100 cm™', far
IR region). Samples were pressed in dry KBr pellets for the medium IR region and in
polyethylene pellets for the far IR region. Raman Spectra were collected using a LabRAM HR,
Horiba spectrometer with Ar laser CVI Melles Griot (A = 633 nm). Spectra were collected in
reflection mode under Raman microscope with a 0.5 cm™ resolution.

Conventional magnetometry measurements were carried out on Acp—Iro3;Ruger (9.12 mg)
and fcc—Iro7sRug2s (8.66 mg) alloys using a Magnetic Properties Measurement System (MPMS,
Quantum Design) in magnetic fields up to 7 T and in the temperature range of 2-360 K in the
Bulk Properties Lab of the ”CoreLab Quantum Materials” at the Helmholtz-Zentrum Berlin
(HZB). The samples in the powder form were placed in a standard plastic capsule; a slow field

sweep rate was chosen to avoid slight movements of the powder grains during the measurements.

3. Results and discussion
3.1. Synthesis of binary and ternary alloys from single-source precursors

In previous studies, mainly individual single-source precursors for binary and
multicomponent refractory alloys were investigated [25, 26]. Ternary and multicomponent alloys
were prepared only sporadically for selected systems [12, 27]. In the current study, a single-
source precursors strategy has been systematically applied for synthesis of ternary refractory
alloys in a broad range of alloy’s compositions for the first time.

[Ir(NH;)sCl][OsCls] has been proposed as a precursor for hcp—IrsOsos and
[Ir(NH;)sCl],[OsCl6]Cl, — for two-phase Iro¢Oso33 [25]; [Ru(NH;)sCl][IrCls] — for two-phase
IrosRugs; [Ru(NH;)sCl],[IrCl6]CL, — for single-phase Acp—Iro33Rug67 [10]; [Ru(NH;)sCl][OsClg]

and [Ru(NH;)sCl],[OsClIs]Cl, — for hcp—OsosRugs and hcp—Oso33Rug67, correspondingly [29]. It



also has been shown that isoformular compounds are isostructural and can be co-crystallized
from water solutions. Such an important finding allowed us to prepare binary fcc- and hcp-
structured Ir—Ru alloys in the whole range of compositions according to the following
generalised chemical equilibria [10].

Crystallization from water solution: x[Ir(NH;)sCIl]ClL, + (1-x)[RuNH3)sCI|CL, + (NH4),[IrCls] —

[Ierulx(NH3)5Cl] [II‘Clé] )
thermal decomposition in H, flow: [Ir,Ru;.(NH3)sCI]|[IrCls] — Iros:m2Rug 5.0

Following the similar strategy, it was also possible to extend our approach to access Ir-Os—
Ru ternary alloys, which were prepared using thermal decomposition of multimetallic
coordination compounds as single-source precursors.
Crystallization from water solution: x[Ir(NH;)sCI]Cl, + (1-x)[RuNH;)sCI]Cl, + y(NH4),[OsCls] +

(l-y)(NH4)2[II'Cl6] g [Ierul_x(NH3)5Cl] [OSyII'(l,y)Cls];
thermal decomposition in H, flow: [Ir,Ru,.(NH3)sCI]|[Os,Ir(.,Cls] — Irosix2.2RU05.208,.

IR- and Raman spectra of multimetallic coordination compounds (Figure 1) a similar to to
their precursors. IR-spectra of multimetallic complexes [Ir.Ru;.(NH;)sCl][Os,Ir.,Cls] show
slight shifts in comparison with [Ir(NH3)sCI|Cl,, [RuNH;)sCIl]Cl,, (NH4):[OsCl¢], and
(NH.),[IrCls] due to variations in ionic fields related, among others, to particles morphology.
With increasing of amount of [IrCls]*, v(M—Cl) shifts from 314 to 321 cm™. With increasing of
amount of [Ir(NH;)sC1]*", v(M-N) shifts from 448 to 470 cm™. v(M-N) is visible in pure double
complex salts but nearly disappears in multimetallic [Ir,Ru;.(NH3)sCl][Os,lrq.)Cls] due to its
broadness. A similar tendency has been obtained for Raman spectra.

Nominal compositions were chosen to follow a quasi-binary Ir—OsgsRugs cross-section of
the ternary Ir—-Os—Ru phase diagram. Resulting alloys elemental composition corresponds to the
composition of starting water solutions without a visible systematic enrichment with one of the

metals (Table 1, Figure 2). A variation in composition allowed us to cover the whole ternary



phase diagram and can be considered as a unique approach for the preparation of ternary alloys
in the whole concentration interval [12, 27].
3.2. Thermal decomposition of single-source precursors

[Ir.Ru,.«(NH;)sCl][Os,Ir(.,Cls] multimetallic single-source precursors can be considered as
solid solutions of [Ru(NH;)sCI][IrCls], [Ir(NH;)sCI][IrCls], [Ru(NH;)sCl][OsCls], and
[Ir(NH;)sCl][OsClg] bimetallic double complex salts where cations and anions are substituted in
their crystal structures. Recently, thermal decomposition processes of [Ru(NH;)sCl][IrCls] and
[Ir(NH;)sCl][IrCls] as well as mixed [Ir.Ru;.(NH;)sCl][IrCls] salts were already investigated
using DSC, in situ and ex situ IR- and Raman-spectroscopy. It has been shown that Ru-rich
compounds show a significantly high exothermal effect which can be related to simultaneous
reduction of Ir(IV) from the anionic part and Ru(Ill) from the cationic side of the double
complex salt [30]. Nevertheless, crystalline intermediates as well as metallic particles formed on
early stages of thermal decomposition were not detected due to absence of high temperature in
situ or ex situ PXRD data.

Detailed knowledge about thermal decomposition of [Ir(NH;)sCI][OsCls] sheds light on the
understanding of nanostructured alloys formation process upon heating of chemically and
structurally similar salts [(Ir/Rh/Ru/Co/Os)"™(NH;)sCl][(Re/Ir/Pt/Os)" Cls]. It has been shown that
salts containing Ir(IV) in their anionic parts, namely [(Ru/Co/Cr/Rh)"™(NH;)sCI][IrCls] have
pronounced exothermic effect upon their thermal decomposition [30]. In contrast, [Ir(NH3)sCl]
[OsClg] based on Os(IV) anion does not show any exothermic processes upon its thermal
decomposition.

In reductive atmosphere (5 vol.% H, in He), [Ir(NH;)sCI][OsCls] decomposes at lower
temperatures above 450 K with a formation of mixture that contains (NH,4),[OsCls] and metallic
phase with broad reflexes which might be a defect fcc-structured phase (Figures 3A and 3B).
Further heating results in decomposition of (NH4),[OsCls] with a formation of fcc+hcp two-

phase mixture; further heating above 500 K gives a pure hcp—IrysOsos alloy as a single phase.



Single-phase hcp—IrysOsos corresponds to the miscibility gap of Ir—Os phase diagram and should
be metastable.

In inert atmosphere, [Ir(NH3)sCl][OsCls] decomposes above 850 K and forms a two-phase
fccthep mixture without formation of any crystalline intermediates (Figures 3B and 3C). Upon
further heating, a phase exchange results in a formation of fcc-structured alloy as a major phase
with a minor admixture of Acp-structured alloy. Such phase separation has been described
previously for other Ir—Os alloys prepared from (NH4),[Ir,Os;..Cls] [7, 8].

In situ investigation of [Ir(NH;)sCl][OsClg] suggests the decomposition pathways for other
precursors from  [(Ir/Rh/Ru/Co/Os)"(NH;)sCI][(Re/Ir/Pt/Os)VCls] family. In reductive
atmosphere, compounds might form (NH),[(Re/Ir/Pt/Os)"VCls] as crystalline intermediates;
metals from their cationic parts are reduced by hydrogen with formation of defect metallic
particles. Final metallic products of thermal decomposition in reductive atmosphere might be
single-phase and metastable under ambient conditions. In inert atmosphere, salts decompose at
higher temperature without formation of any crystalline intermediates. Metallic particles
obtained in inert atmosphere are usually two-phase mixtures and correspond to
thermodynamically stable compositions suggested by equilibrium phase diagrams.

Final products consist of relatively large aggregates of particles. Particle’s shape follows
regular shape of single-source precursor’s crystal form (Figure 4). Similar behaviour is typical
for products of thermal decomposition of double complex salts (see examples given in [31-32])

and not surprising in the current system.

3.3. Ir-Os—Ru ternary phase diagram

Ru and Os are completely miscible in solid and liquid states [33]. Based on published
experimental data, binary Os—Ru alloys can be considered as ideal in both, solid and liquid states
[33]. Ir-Ru and Ir—Os peritectic phase diagrams were experimentally investigated in detail by

several independent research groups [34—38] and can be considered as well-known complete and



correct binary diagrams at least in their solidus parts. Nevertheless, both diagrams were not
investigated in many details in the liquid state and require a further improvement at higher
temperatures. To assess both diagrams, a sub-regular solutions model should be applied. Access

Gibbs energy for non-ideal solutions should be written as the following:

G =x,x5 2, L5l (Equation 1).

i=0
Both Ir-Ru and Ir—Os peritectic systems cannot be described using the ideal solutions model.
Only a sub-sub-regular model gives satisfactory results. The best fits between experimental and
calculated phase diagrams were obtained with the following mixing parameters:
° L 0,=( 16644 +3.5-T+ 0.4-T-InT;
° Li%,=6-23064 —19.9-T + 4.9-TInT;
° LI =04 ~37608 — 19.2-T+ 5.1-T"InT;
° L pe=10$32348 — 10.4-T;
° L3P, =09895 — 3.9-T;
O LI =0-3621-15-T.

Aforementioned mixing parameters can be used to access ternary Ir-Os—Ru phase diagram.
Experimental Ir-Os—Ru ternary phase diagram has not been yet described in the literature.
Nevertheless, it can be modelled using CALPHAD approach based on the binary thermodynamic
database for Ir—Os, Ir-Ru and Os—Ru binary diagrams described above. Figure 2 shows
isothermal and isoconcentrate cross-sections of Ir—Os—Ru ternary diagram obtained using the
ideal solutions model and mixing parameters for three binary systems. Single- and two-phase Ir—
Os—Ru samples prepared from single-source precursors satisfactorily match the sub-regular
modelled phase diagram. Nevertheless, appearance of two-phase IrgesRu.130s0.10 composition in
the fcc stability region suggests a significance of ternary mixing parameter for the final model of
the phase diagram. Our analysis suggests that thermal decomposition of multimetallic single-
source precursors gives mainly thermodynamically stable ternary alloys which likely fits stability
regions of ternary phase diagram. Samples which correspond to miscibility gap of the ternary

phase diagram, are likely be two-phase. Similarly, a model for Ir-Os—Ru ternary phase diagram



obtained by Cabri and Harris [6] based on natural iridosmine samples also corresponds well with
the modelled phase diagram obtained using mixing parameters characteristic for Ir—-Os, Ir-Ru
and Os—Ru binary systems.
3.4. Thermal expansion and pressure compressibility of Ir—-Ru binary and Ir—-Os-Ru
ternary alloys

Single-phase fcc- and hcp-structured Ir—Os [7, 8], Ir—Ru [11], and Ir—Os—Ru alloys can be
considered as synthetic analogous to obtain thermal expansion and pressure compressibility
curves for iridosmine minerals (Figures 5 and 6). Thermal expansion parameters for pure Ir, Os
and Ru are very similar, nevertheless, both single-phase ternary alloys show a lower thermal
expansion compared to with pure metals. Similar effect has been noted for Ir-Re and Ir—Os
binaries where thermal expansion was also obtained to be lower in comparison with pure Ir, Re
and Os. Hcp-structured alloy shows a growth of c¢/a value with temperature similar to c/a
behaviour of pure Acp-structured Os and Ru [39,43].

All investigated alloys show a regular room temperature compression below 4045 GPa. ¢/
a value for hcp-structured alloy increases with pressure, similarly to other Acp-structured
refractory alloys in Ir-Re and Ir—Os binary systems. Surprisingly, fcc—IrossRuo.060s0.10 as well as
fec—IrgsRugrs and  hep—IrossRuge; alloys show significantly smaller bulk modulus within
comparison with pure metals. Such behaviour is quite unusual and might be a sign of substantial
chemical and electronic interactions between naturally (?) fce-structured Ir and hcp-structured Ru
[40]. A strongly different long-range magnetic ordering found in fcc—Irg7sRugss and hcep—
Iro33Ru067 alloys at low temperature as well as a presence of several magnetic phase transitions
revealed by the temperature dependent magnetic susceptibility (see magnetic data below)
supports an assumption about a strong influence of electronic configurations and hybridization
effects on properties of entire systems. Ir—Os binary alloys do not show such an effect upon
compression giving a sign that the observed compressibility irregularity corresponds specifically

to Ir interaction with Ru.



Compressibility of binary fcc—Ir7sRug.s and hAcp—Iro33Rug67 alloys is higher in comparison
with pure metals. At all pressures, V/V, values for hcp—Iros3Rupe; alloy follow visibly below
corresponding values for Ir and Ru (Figure 6). For fcc—Irg7sRugss, a relative compressibility is
similar to pure Ir and Ru (Figure 6). Such behaviour might correspond to a difference in atomic
volumes of Ir and Ru (14.1475 and 13.575 A’-atom™, respectively) with very close equal bulk
moduli (341 and 348 GPa, respectively).

Bulk moduli for binary alloys can be estimated using the ideal solutions model reported in
[43]. Concentration dependence of the bulk modulus Bo(x) of binary metallic alloy M '.M?,
containing x atomic fraction of refractory metal can be calculated using the following equation:

1+x (% —1)

B,|x|=B, 2 (Equation 2),

B,V
1+x(="-1)
B1V2

where B, and B, (GPa) are the bulk moduli of M ' and M * metals, and V; and V> (A%) are atomic
volumes of these metals at ambient pressure, correspondingly.

Estimations based on Equation 2 as well as experimental data for six Ir-Ru and Ir—Os
binary alloys are summarized in Table 2. Bulk moduli for Ir—Ru binary alloys are significantly
smaller compared to pure Ir and Ru. Ir and Ru have nearly identical bulk moduli but the
difference in their atomic volumes is relatively large and seems to be more important for
compressibility of their binary alloys. According to Equation 2, the bulk modulus for an alloy
depends on both parameters, bulk moduli and atomic volumes, of individual metals;
nevertheless, identical bulk moduli of components result in independence of alloys
compressibility on composition, which is equivalent to Zen’s rule [46, 47] for dependence of
atomic volumes of alloys on their compositions. Alternative approach has been used by Sarlis
and Skordas [48]: Their model includes not only a variation in composition but also a variation
in atomic volumes of each binary alloy in the series. Nevertheless, this alternative approach

cannot predict the smaller bulk moduli for [r-Ru binary alloys and the larger bulk moduli for Ir—



Os system without considering incorrectness in the experimental bulk moduli of pure Os and Ru.
Alloys containing only fcc- or only hcp-structured metals such as fcc—Irg4Rhoss show a regular
composition dependence of their compressibility and can be estimated according to Equation 2
(experimental and theoretical values were found to be 317(17) and 316.9 GPa, correspondingly
[42]). Our findings suggest that theory of alloys between fcc- and Acp-structured metals have to
be intensively developed to be able to predict their correct compressibility parameters. In binary
systems such as Ir-Ru and Ir—Os, Equation 2 seems to be less precise and does not give reliable
values. Nevertheless, precise data for compositional dependence of bulk moduli for ternary and
multicomponent alloys might be used to predict a compressibility of multicomponent refractory
alloys.

Similar to binary fcc—Irg;sRug,s system, relative compressibility of ternary fcc—
Iro34RU0060s0.10 alloy is significantly lower compared to pure metals. Its V/V, pressure
dependence curve is lower in comparison with pure metals which is also a sign for existence of
some peculiarities in its crystal and electronic structure and might be associated with relatively
large differences in atomic volumes of Os and Ir from one hand and Ru from the other hand. An
influence of effective “free” volume between various atoms in the crystal structure should be
also considered. In general, bulk moduli of transition metals can be correlated with a number of
d-electrons [49]. For alloys of elements from various transition metal series, electron correlations
may play a critical role resulting in a complex compositional dependence of bulk moduli. Our
experimental findings should be considered as a starting point of deep theoretical modelling to
explain such a phenomenon.

As it has been shown for Ir-Re, Ir-Os and Os—Pt binary phase diagrams [48-50], phase
diagrams constitution and concentration windows for miscibility gaps between fcc- and hcp-
structured alloys depend on pressure not only for systems with a high compressibility but also for
systems with an extremely low compressibility, such as Ir—Os. Irregularities in bulk moduli of

Ir-Ru alloys and especially in ternary Ir—-Ru—Os alloys with a relatively high compressibility of



fee-structured ternary alloy give a sign that Ir-Ru—Os phase diagram might have large pressure
changes. Pressure transformation of ternary Ir-Ru—Os phase diagram should play an important
role in formation of iridosmine minerals and should be taken into account.

3.5. Magnetic susceptibility of Ir-Ru binary alloys

Magnetic properties of Ir-Ru binary alloys might indicate a strong impact of interatomic
interactions on their behaviour under variable temperatures and compression. fcc—Iry7sRug,s and
hep—IrossRuoer alloys reveal a very different magnetic behaviour at low temperature of 10 K
(Figure 7): field dependence for hcp—Iros3Ru6; shows a dominant diamagnetic response while
fee—Iro7sRugs  exhibits an  expected (due to electronic configurations of constituents)
paramagnetic-like behaviour. No reasonable signal was detected for scp—Iro33Rug67 alloy at room
temperature contrary to fcc—Iro7sRugrs one. The temperature dependence of magnetisation
recorded for fcc—Iry7sRugs alloy in the temperature range of 2-360 K in 500 Oe magnetic field
shows a rather complex tendency. It could be assumed that there are several magnetic phase
transitions (at approx. 3.4 K, 135 K and 233 K) related to magnetic phases with different Curie
and/or Neel temperatures as well as to the reorientation of Ru and Ir magnetic moments inside of
the crystallographic matrix. Some structural transitions below room temperature also could not
be fully excluded.

In general, magnetic properties of Ir-based alloys, complexes, and oxides demonstrate a
non-trivial magnetic behaviour. Thus, fcc—Fe.lr,.. alloys exhibit very different temperature
dependence of magnetic susceptibility depending on iron concentration [53 and references
therein]. For x < 0.05 the magnetic susceptibility does not follow the Curie-Weiss law but
decreases with increasing temperature; for 0.05 < x < 0.35, an antiferromagnetic-like maximum
is present and the temperature of this maximum increases with increasing iron concentration; for
x above 0.35 the susceptibility increases with temperature rising. The Mdssbauer spectra
measurements performed on fcc—Feosolroso clarified the origin of such a susceptibility peak

observed at 40 K and confirmed the presence of an antiferromagnetic spin-ordering below this



temperature. In Pt-substituted fcc—Feqs(PtIri)ss disordered alloy, the ferromagnetic ordering
observed over a composition range for y > 0.7 shows the magnetization and the Curie
temperature increase with increasing y, but it switches to an antiferromagnetic one for y below
0.7 [54].

Density functional theory modelling of magnetic Ir, clusters (n = 2—15) within the
generalized gradient approximation suggests a dominating 5d character of magnetic properties

with sizable values of magnetic moments in the range of 1-2 pBohr per Ir atom for small Ir,

clusters with n < 8 and a sharp decrease of magnetic moments down to 0-0.5 uBohr per Ir atom
in larger Ir, clusters with 8 <n < 15 [55]. Clustering of Ir in investigated alloys might also play
an important role in their magnetic behaviour.

Mossbauer spectroscopy studies performed on Ru,Fe,.. alloys demonstrate a presence of
antiferromagnetic ordering with Neel temperatures dependent on Ru concentration (210 K and
60 K for x =0.15 and x = 0.3, respectively), while Ru,Os,., alloy shows a lower Neel temperature
of 30 K for x = 0.15 and no sign of magnetism at any temperature for x = 0.3 [56].

Being isoelectronic with iron, Ru is often used as Fe substitute for modifying the
properties of superconducting iron-based compounds [57-59] where it does not change the value
of the chemical potential and acts similar as magnetic dilution [59]; as an impurity in iron host
Ru could carry a noticeable magnetic moment of 0.9 + 0.5 uBohr per atom [60, 61]. In a series of
single-crystalline R.Fe 7..Ru, (R =Y, Lu, Er) alloys a ferro- or ferrimagnetic ordering of a parent
alloy was found to be destroyed by Ru doping and a complicated nature of antiferromagnetic
ordering was revealed [62]. In Lu,Fe;ssRuos a small magnetic moment of Ru was found to be
aligned parallel to the dominant Fe sublattice magnetization [63].

Despite bulk Acp-Ru as well as hcp-Os is paramagnetic, theoretical calculations have
proposed that Ru and Os could be ferromagnetic if they are forced into a tetragonal lattice
structure [64] which for Ru could be realized experimentally only in ultrathin films where it may

also have a large perpendicular MCA due to Jahn—Teller splitting [65].



Therefore, more precise studies of magnetic phases found in fcc-Irg 7sRuo 25 require element-
specific investigations with polarized hard X-rays from synchrotron sources. To unravel
peculiarities of Ir and Ru electronic configurations, the magnetic ordering of species on the local
scale and their impact on properties of the entire system, X-ray absorption spectroscopy (XAS)
in combination with X-ray magnetic circular dichroism (XMCD) technique at the Ru-L,; and Ir-
L,; absorption edges have to be applied. It will highlight the differences in electronic and
magnetic interactions between the currently studied Ir-based alloys and Ir-based perovskites
previously explored by X-ray resonant magnetic scattering (XRMS) [66], XAS/XMCD [67] and
Nuclear resonance scattering (NRS) [68] besides the differences from pure Os, Ir and Ru taken
by NRS [68—70] and Ru in Lu,Fe;ssRuos by XAS/XMCD [63].

Conclusions

Binary and ternary fcc- and hcp-structured alloys based on Ir, Ru and Os can be prepared
from single-source precursors under relatively low temperature. [Ir.Ru;.(NH3)sCl][Os,lr(.,Cls]
multimetallic single-source precursors can be successfully used to obtain ternary hcp—
Ir024RU0360s040 and fec—IrosaRug060s0.10 alloys. Their phase composition matches the ternary
phase diagram which was modelled based on thermodynamic database for binary Ir—Ru, Ir—Os
and Ru-Os systems. Thermal decomposition of a parent compound, [Ir(NH;)sCl][OsCls] has
been investigated in inert and reductive atmospheres. Decomposition mechanism was found to
be dependent on atmosphere. In inert atmosphere, no crystalline intermediates were found. The
final product of heating above 870 K is a mixture of fcc- and hcp-structured alloys which is in
accordance with the existing Ir—Os phase diagram. In reductive atmosphere, (NH4).[OsCls] has
been detected as an intermediate phase. Further heating results in formation of metastable single-
phase hcp—IrsOsy s alloy.

Room temperature compressibility of hcp—Iro24Ru0360s040 and fec—IrgssRu0.060s0.10 ternary
alloys as well as hcp—Iro33Rup6; and fee—Irg7sRug,s binary alloys has been characterized using

powder PXRD in diamond anvil cells. Below 46 GPa, all alloys show regular compressibility



without phase transformations. Hcp—Iros;Ruee; and fee—Iro7sRug,s binary alloys exhibit higher
compressibility in comparison with pure metals. Ternary alloys show lower thermal expansion in
comparison with pure metals. High bulk moduli characteristic for investigated alloys can be
correlated with their complex magnetic behaviour. Fec—IrossRuo.s alloy reveals several magnetic
phases below room temperature.
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Figure 1. IR and Raman spectra of multimetallic coordination compounds (/eff) and some of their

precursors (right).
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Figure 2. Compositions of prepared ternary alloys on the Ir—OsgsRugs quasi-binary cross-section
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Figure 4. SEM images of two-phase Iry4Ru,70s029. Horizontal full scale for A is 500 um; B —

20p, and C — Sum.
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Table 1. Phase composition of Ir-Ru binary and [r-Os—Ru ternary alloys

prepared from single-source precursors.

V/Zye, V/Zhep,
Nominal composition of Analytical alloy’s
e, A A’atom™ Qpepy A Chepy A A-atom™ fee / hep, wt.%
single-source precursor composition
(Ziee=4)° Zhp =2)°
[Tro 20Ru0.80(NH3)sCl][Tro20080.50Cls] Iro.242)Ru0362)080.40" — — 2.721(2) 4.316(3) 13.832(2) 0/100
[Iro.40Ruq.60(NH3)sC1][Iro.40080.60Cls] Iro.442)RU0272)080202)" 3.839(3) 14.149(2) 2.722(2) 4.339(3) 13.924(2) 10/90
[TrosoRuo.50(NH3)sCl][Iro.50080.50Cls] Iross@)Ru0.192)080250° 3.774(3) 13.437(2) 2.719(2) 4.355(3) 13.941(2) 20/80
[Iro.c0Ru0.40(NHs)sCl][Ir0.60050.40Cls] Iro.6s2)RU0.132080.1902)" 3.824(3) 13.985(2) 2.718(2) 4.363(3) 13.961(2) 27/73
[Tro.s0Ruo.20(NH3)sCl][Tro.5008020Cls] Tro.s42)Ruo.06)OS0.100)" 3.832(3) 14.067(2) — — — 100/0
[Ru(NH3)sCl];[IrCl6]ClL, [11] Tros3Ruosrry’ — — 2.716(2) 4.312(3) 13.770(2) 0/100
[Tro soRuo so(NH;3)sCI][TrCle] [11] TrozsyRuoas” 3.727(3) 14.010(2) — — — 100/0
* according to EDX.
® according to AAS.

¢ Atomic volumes for pure metals: V/Z..(Ir) = 14.156(1) [36], V/Z,(Os) = 13.9843(2) [34], V/Z,,(Ru) = 13.575(2) A*-atom™ [38].



Table 2. Volumetric ambient pressure thermal expansion and room temperature compressibility

of [r-Ru, Ir-Os, and Ir-Os—Ru alloys.

VolZ, Vo/Z, Al -atom™ By, GPa
Composition VolZ, a'10°, a;-10°, Bo, GPa
Al-atom™ According to According to Ref.
(max. P) Ad-atom™y* K! K? B¢
P =1bar) Zen’s rule Equation 1
hep—TIro24Ru0.36080.40 362(4) Present study
13.832(1) 1.1(2) 2.7(5) 13.836(3) 13.876 —
(up to 41 GPa) 4.8(2)
feeTrosaRuo.06080.10 302(7) Present study
14.067(2) 0.55(1) 5(2) 14.111(4) 14.097 —
(up to 51 GPa) 6.4(5)
fee—Tro7sRuo2s 332(2) 342.7 Present study
— — — 14.050(1) 14.011
(up to 46 GPa) 5.4(1)
hep—TrozRuger 316(1) 345.6 Present study
— — — 13.773(1) 13.767
(up to 46 GPa) 5.1(1)
Jfee—Tro5008020 368(4) 354.2 [7]
14.112(2) 1.3(1) 9(1) 14.09(1) 14.127
(up to 20 GPa) 4
hep—TIrossOsoas 395(5) 3723 [7]
14.092(2) 1.36(6) 4.8(9) 14.07(1) 14.090
(up to 32 GPa) 4
hep-Tro.400s0.60 403(32) 3843 [7]
14.069(2) — — 14.06(2) 14.068
(up to 20 GPa) 4
hep—Iro20080s0 420(5) 401.3 [71
13.982(4) — — 14.00(1) 14.039
(up to 15 GPa) 4
hep—-Os 399(6) [34, 35]
13.9843(2) 1.35(1) 4.7(2) 14.01(1) — —
(up to 500 GPa) 4.04(4)
Sfee-Ir 341(10) [36,37]
14.156(1) 1.66(2) 7.3(3) 14.14(6) — —
(up to 67 GPa) 4.7(3)
hep—Ru 348(18) [38,39]
13.575(2) 1.57(2) 12.8(1) 13.575(2) — —
(up to 56 GPa) 3.3(8)

* Atomic volume refined from PXRD data at ambient conditions.

® Atomic volume obtained from BM-EoS.
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