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Abstract 

The structures and magnetic properties of the Os4+ (5d4) halides K2OsCl6, K2OsBr6, 

Na2OsBr6 and Na2OsBr6.6H2O are described.  K2OsCl6 and K2OsBr6 have a cubic vacancy-

ordered double perovskites structure but undergo different symmetry lowering structural phase 

transitions upon cooling associated with a combination of the relative size of the ions and 

differences in their chemical bonding. The structure of Na2OsBr6.6H2O has been determined 

for the first time and the thermal stability of this established using a combination of in-situ 

diffraction and TGA.  Na2OsBr6.6H2O and Na2OsBr6 are isostructural with the analogous 

iridium chlorides, Na2IrCl6.6H2O and Na2IrCl6, dehydration proceeds via different 

intermediate phases. The magnetic moments of four compounds display Kotani-like behaviour 

consistent with a Jeff = 0 ground state, however the magnetic susceptibility measurements reveal 

unusual low temperature properties indicative of a weakly magnetic ground state. 

 

Introduction 
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The solid-state chemistry of systems containing 4d or 5d transition metals is currently 

of considerable interest.1  In going from the more commonly studied 3d elements to the 5d 

elements, the d orbitals become spatially more extended. This results in strong hybridisation 

between the 5d orbitals and neighbouring ligand atoms, leading to a large crystal field splitting, 

Δ.  In an octahedral crystal field, the five d states are split into a triplet t2g and doublet eg level.  

In the 5d elements the crystal field splitting is much larger than the Spin Pairing Energy 

(Hund’s coupling JH) so that, for d1 – d6 configurations, the eg orbitals are unoccupied.  Spin-

orbit coupling (SOC), that couples the total spin S determined by Hund’s rule, with the 

(effective) orbital moment L is significant in the 4d or 5d elements and can give rise to exotic 

and unanticipated properties.1-5  In the case of isolated Os(IV), d4, ions the large crystal field 

and Hund’s rules predict the 5d electrons will occupy the t2g levels with threefold orbital 

degeneracy, 3T1g,  described by an effective orbital moment L = 1 and S = 1. If the SOC is 

sufficiently large this nine-fold degenerate state is split into a singlet, J = 0, ground state, with 

triplet and quintet excited states illustrated in scheme 1.6    An alternate description is that the 

Os(IV) ions have fully occupied Jeff = 3/2 ground state giving J = 0 with the excited J = ½ state 

unoccupied See Figure S1. 

 
 

Scheme 1.  Approximate energy splitting diagram for the 5d4 configuration of the Os4+ cation. 

The strong ligand field results in a (t2g)4(eg)0 configuration, corresponding to a 3T1g ground state 
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with an excited 5Eg state.  Spin orbit coupling results in a Γ1 level with J = 0  The numbers in 

parentheses are the numbers of degenerate multielectron states.   

K2OsCl6 belongs to the K2PtCl6 family of antifluorite type A2MX6 hexahalides that 

features isolated MX6 octahedra separated by alkali metal cations. An alternate description of 

the structure is as a rock salt ordered double perovskite of the type A2BB’X6 where the B’ site 

is vacant, leading to the nomenclature of vacancy-ordered double perovskites.7  Irrespective of 

the description the MX6 octahedra are arranged on a face centre cubic lattice.  The structure, 

magnetic and electronic properties of these types of halides, especially those containing Ir(IV) 

(d5) cations, are fascinating as they combine the geometrically frustrated arrangement of the 

Ir(IV) cation that has a Jeff = 1/2 ground state with sizable exchange anisotropy.  K2IrCl6 retains 

cubic symmetry down to very low temperatures (0.3 K) whereas  K2IrBr6 is cubic (𝐹𝐹𝐹𝐹3�𝐹𝐹 ) at 

room temperature but monoclinic (P21/n) at low temperatures.8  However, both these halides 

undergo antiferromagnetic ordering at low temperatures, 3.1 and 11.4 K respectively,3 and the 

importance of the lower symmetry on the magnetic and electronic properties is unclear.  

Bao et al.9  recently described a comprehensive investigation of Na2IrCl6, which is 

readily hydrated to form two stable phases; Na2IrCl6.2 H2O and Na2IrCl6.6 H2O.  The magnetic 

properties of these were found to be sensitive to the degree of hydration with the hexahydrate 

being paramagnetic down to 1.8 K whereas the other halides studied were canted 

antiferromagnets.  At room temperature the smaller size of the sodium cations induces 

cooperative tilting of the IrCl6 octahedra in Na2IrCl6 which has the same monoclinic structure 

observed for K2IrBr6 at low temperatures.9 The magnetic ordering temperature of Na2IrCl6 is 

reported to be 7.4 K.9 

Johannesen and Candela10 noted the temperature independence of the magnetic 

susceptibility of K2OsCl6 as early as 1963 and concluded that its magnetic properties were 

broadly in accord with Kotani theory.11  Subsequently it was shown that K2OsCl6 undergoes a 

symmetry lowering phase transition to a tetragonal structure described in I4/m on cooling to ~ 

46 K.  This transition was described as being a consequence of cooperative rotation of the 

OsCl6 octahedra about the c-axis.12  Recently Seshadri, Cheetham and co-workers 13-14 

extended the early studies of Figgis et al.15 on ruthenium halides to include some hybrid 

ruthenium halide perovskites and they showed that these displayed largely temperature 

independent magnetic moments that were consistent with the Kotani model for isolated low 
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spin d5 Ru(III) ions.  Unlike the iridium halides, that have a Jeff = ½ ground state, the ruthenium 

halides did not show evidence for magnetic ordering at low temperatures.16 

Interest in the hexahalides has been further driven by the discovery of the remarkable 

optoelectronic properties of halide perovskites with formula ABX3 (A = Cs+, NH3CH3+; B = 

Pb2+; X = Cl–, Br–, I–) and these have been heavily investigated due to their exceptional potential 

for solar energy conversion.17  The optoelectronic properties of some lead free double 

perovskites, including vacancy-ordered systems, containing more benign metal cations such as 

Ag, Sb, and Bi are likewise of immense interest.18-20  

Compared to the heavier 5d elements with a d5 configuration (IrIV or OsV), information 

on the analogous OsIV (d4) compounds is sparse. 21 In the present work we have investigated 

the structure and magnetic properties of some osmium compounds of the type K2OsX6 (X = Cl 

or Br) and of hydrated and dehydrated Na2OsBr6.nH2O. 

Experimental:  

Samples of K2OsCl6, K2OsBr6 and Na2OsBr6.6H2O were purchased from Surepure 

Chemicals and used as received. Synchrotron X-ray diffraction (S-XRD) data were measured 

on the Powder Diffractometer BL-10 at the Australian Synchrotron using 21.0 keV photons, 

corresponding to 0.590442 Å based on Rietveld Refinement of LaB6 NIST SRM660B line 

profile standard.22 This refinement, using the Thompson-Cox-Hastings profile function,23 also 

supplied the instrument resolution function. The diffractometer uses an array of 16 Mythen II 

microstrip detector modules.  To eliminate the gap between individual modules two data sets 

were collected with the detector assembly shifted by 0.5°. The resulting data sets were merged 

using bespoke software.22  Each sample was placed in a 0.2 mm capillary that was rotated 

during the measurement to minimize preferred orientation effects.  Temperature control was 

achieved using an Oxford Cryosystems cryostream 700. 

Neutron Powder Diffraction (NPD) patterns were measured using neutrons of 

wavelength 1.6215 Å on the high resolution diffractometer, Echidna, at ANSTO’s OPAL 

reactor.24 

Rietveld refinements were undertaken using the program GSAS with the EXPGUI 

interface.25-26  The background was modelled by a twelfth order (S-XRD) or sixth order (NPD) 

shifted Chebyshev polynomial. In the final refinement cycles, the profile and lattice parameter 

were released and no constraints were placed on the atomic coordinates.  
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The magnetic properties of the powder samples were measured using a DynaCool 

Quantum Design Physical Property Measurement (PPMS) system equipped with a vibrating 

sample magnetometer (VSM). The powders were packed into a polycarbonate capsule (VSM 

Powder Sample Holder P125E) snapped into a brass half-tube sample holder. Zero-field-cooled 

(ZFC)/field-cooled (FC) curves were collected in the temperature range of 2.0 K – 300 K using 

an applied magnetic field of 1.0 T. Isothermal magnetization data were collected at 2.5 K, 

scanning the applied field in the range of ±9 T. 

Symmetry-adapted distortion mode analysis was performed using AMPLIMODES.27 

Results and Discussion 

1. Structural Properties 

The S-XRD profile of K2OsCl6 measured between 90 and 300 K showed the material 

to retain cubic symmetry over this temperature range.  In the cubic 𝐹𝐹𝐹𝐹3�𝐹𝐹 model, illustrated 

in Figure 1,  the Os cation is surrounded by 6 equidistant Cl anions.  Anisotropic atomic 

displacement parameters (ADP) for the chloride anion were employed in the structural 

refinement and these revealed greater displacement perpendicular to the Os-Cl direction than 

parallel to this. i.e. U11 < U22, further details are given in Table S1.  Similar anisotropy in the 

ADP was described by Khan et al.8, 28 for K2IrCl6 and this reflects the local environment of the 

anions, analogous to that the described in detail for rutile type oxides.29  Intriguingly the Os-Cl 

distance decreases slightly on heating, from 2.3259(7) Å at 90 K to 2.3207(7) Å at 300 K, see 

Figure 2.  The apparent contraction in this distance reflects the increased thermal vibration of 

the OsCl6 octahedra and is ascribed to thermally activated rotational disorder.  Rotational 

disorder of rigid polyhedra has been shown to result in apparent bond lengths contraction,30-32 

or in extreme cases, as illustrated for the A-site vacant perovskite ScF3, this can lead to negative 

thermal expansion over a wide temperature range.33 
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Figure 1. Representation of the structure of (A) the I4/m structure of K2OsCl6 at 3K, (B) the 

𝐹𝐹𝐹𝐹3�𝐹𝐹 of K2OsCl6 at 300 K, (C) the P4/mnc structure of K2OsBr6 at 187 K and (D) the P21/n 

structure of K2OsBr6 at 90 K.  In all cases the Os cations are at the centre of the polyhedral and 

the purple spheres represent the K atoms.  The smaller brown and green spheres represent the 

Br and Cl anions respectively. 
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Figure 2. Temperature dependence of (a) the unit cell parameter, (b) Os-Cl distance and (c) the 

anisotropic atomic displacement parameters of the chloride anion in K2OsCl6. That U11 is 

smaller than U22 indicates that displacement ellipsoid perpendicular to the Os-Cl bond is greater 

than that parallel to the bond and this increased rotation is responsible for the reduction in the 

Os-Cl distance upon heating.  (d) Shows an example of the Rietveld refinement in which the 

lower set of tick marks show peaks due to the presence of KCl in the sample.  Where not 

apparent the esds are smaller than the symbols. 

 

At room temperature K2OsBr6 adopts the same cubic structure displayed by K2OsCl6, 

albeit with a larger unit cell parameter of 10.32961(2) Å, compared with 9.78977 (3) Å in 

K2OsCl6, reflecting the larger size of the bromide anion. These values are in fair agreement 



8 
 
 

 

with the early report by Turner and co-workers.34 This cubic structure is retained on cooling to 

about 220 K and over this temperature range U11 is less than U22 as seen for K2OsCl6, but in 

this case the Os-Br distance is essentially independent of temperature, changing from 2.4620(6) 

Å at 300 K to 2.4605(6) Å at 220 K.  Upon cooling below 200 K additional reflections emerged 

most obviously near 2θ = 10.4 and 12.3⁰, see Figure 3, indicative of a lowering in symmetry. 

These were accompanied by the broadening of selected reflections, as illustrated for the (400)p 

reflection, as indexed on the 𝐹𝐹𝐹𝐹3�𝐹𝐹 parent, near 13⁰ in Figure 3.  With further cooling this 

rapidly became a resolved doublet. That the cubic (222)p reflection near 11.4 ⁰ remained a 

single peak suggest the structure was tetragonal and the relative intensities of the peaks shows 

this to have c/a > 1.  A model in P4/mnc provided a satisfactory fit.  It should be noted that the 

alternate (I4/m) tetragonal model proposed for the low temperature structure of K2OsCl6,12 does 

not allow for the observed weak reflections near 2θ = 10.4 and 12.3⁰, that were indexed as the 

(210)t and (212)t reflections respectively. These two tetragonal models differ in their sense of 

the rotation of the octahedra. In I4/m the rotations of the OsCl6 octahedra about the c-axis are 

out-of-phase (a0a0c- in Glazer's 35 notation) whereas in P4/mnc they are in-phase (a0a0c+).  We 

return to the tetragonal I4/m structure below.  Around 200 K further splitting of the (222)p 

reflection is observed and at 90 K this appears as a triplet, Figure 3. The (222)p reflection 

remains a doublet at this temperature indicating the structure to be monoclinic and a model in 

P21/n proved satisfactory.36 The observed sequence of phase transitions is the same as that 

reported for K2IrBr6.3, 8 This monoclinic structure contains a combination of in-phase and out-

of-phase tilts of the OsBr6 octahedra (a-a-c+) that can be quantified, by the corresponding 

symmetry-adapted distortion modes formalism. Seven irreducible representations can 

contribute to the symmetry breaking from the high symmetry cubic phase to the monoclinic 

phase: GM1+, GM3+, GM4+, GM5+, X2+, X3+and X5+. The GM4+ single mode describes rotation 

of the octahedra around the b axis and is associated with out of phase tilting of the OsBr6 

octahedra, see Table S2. The X3+mode describes rotation around the c-axis and is associated 

with the in-phase tilting of the octahedra. In K2OsBr6 the magnitude of GM4+ is smaller than 

that of the X3+ single mode suggesting that the out-of-phase tilts will be lost before the in-phase 

tilts as the sample transforms from monoclinic to cubic upon heating.  This is consistent with 

the observation of the P4/mnc phase around 210 K that only contains in-phase tilts that are 

described by the primary mode X3+. 
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Establishing the precise temperature of the phase transitions from the diffraction data 

proved challenging as both the 𝐹𝐹𝐹𝐹3�𝐹𝐹 (a0a0a0) to P4/mnc (a0a0c+) and P4/mnc (a0a0c+) to P21/n 

(a-a-c+) transitions are allowed to be continuous.37  The temperature dependence of the 

monoclinic angle, illustrated in Figure 3, was well produced by an expression of the type 90 −

𝛽𝛽 = 𝐴𝐴(𝑇𝑇𝑐𝑐 − 𝑇𝑇)𝜂𝜂 with η = 0.5 indicative of a continuous second order phase transition.  Based 

on this fit we estimate the P21/n to P4/mnc transition occurs at 197(1) K.  Around 220 K, that 

is near the tetragonal to cubic phase transition there was a small, but discernable, increase in 

the Rietveld R-factors obtained when using the tetragonal P4/mnc model, see Figure S2.   

Scrutiny of the profiles did not reveal the emergence, or loss, of any reflections in this 

temperature range, although the reflections diagnostic of the out-of-phase tilts such as the (210) 

and (212) reflections rapidly lost intensity.  By symmetry, there is an intermediate I4/mmm 

structure between P4/mnc and 𝐹𝐹𝐹𝐹3�𝐹𝐹, however this is unlikely to be present, since the 

amplitude of the corresponding GM3+ is much smaller than that of X3+, corresponding to 

P4/mnc, which goes to zero at the tetragonal to cubic transition. The observed changes are not 

indicative of the presence of an intermediate phase.  Rather it appears that the transition to the 

cubic structure involves a small (~ 10 K) two-phase region and satisfactory fits could be 

obtained to a two phase P4/mnc and 𝐹𝐹𝐹𝐹3�𝐹𝐹 model, see Figure S3.  Numerous structural studies 

of perovskites have demonstrated that when a transition that involves condensation of a soft 

mode is symmetry allowed to be continuous, it invariably is.  Although the general topology 

of the K2PtCl6 type structures is the same as that of the A2BB’X6 rock-salt ordered double 

perovskites, there is an absence of corner sharing connectivity of the BX6 network in the 

K2PtCl6 type structures.  This appears to impact the coherence of the cooperative tilting of these 

leading to the co-existence of the cubic and tetragonal phases over a limited temperature range.  

This observation is somewhat similar to the observation of phase co-existence in some ABO4 

scheelite type oxides that contain isolated BO4 tetrahedra between the low symmetry I2/a and 

higher symmetry I4/a phases near their structural phase transition.38  Since the cell metric of 

the tetragonal and cubic phases of K2OsBr6 phases are essentially identical in the temperature 

range of interest, quantification of the two phases was not possible. 

Once the phase behaviour of K2OsBr6 was established, Rietveld refinements for all data 

were undertaken and the temperature dependence of the lattice parameters from such 

refinements is illustrated in Figure 3.  Figure 4 illustrates the temperature dependence of the 
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average Os-Br distance.  Both figures are remarkable for the dramatic changes across the 

tetragonal phase. Figure 4 shows that, upon cooling, the Os-Br distance in the cubic phase is 

only weakly dependent on temperature.  However, in the tetragonal phase (between ~ 197 and 

220 K) it rapidly increases upon cooling.  Once the transition to the monoclinic structure occurs 

the average Os-Br distance shows expected behaviour of slowly contracting as the temperature 

is lowered. 
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Figure 3. Temperature dependence of the appropriately scaled ( 𝑎𝑎𝑝𝑝 =  √2a,  𝑏𝑏𝑝𝑝 =  √2b, cp = 

c), lattice parameters and monoclinic angle for K2OsBr6.  The data were collected during 

cooling of the sample from 300 K.  The temperature dependence of the beta angle suggests the 

transition to a tetragonal structure occurs near 197 K. Where not apparent the esds are smaller 

than the symbols. 
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Figure 4. Temperature dependence of the average Os-Br bond distances in K2OsBr6 as obtained 

from Rietveld refinements against S-XRD data.  The space groups employed in the Rietveld 

refinements are indicated. 

 

The structures of all three phases observed in K2OsBr6 contain isolated OsBr6 

octahedra, that are relatively undistorted. Even in the monoclinic structure the three 

crystallographically distinct osmium-bromine distances are all very similar, falling in the range 

2.457(2) to 2.487(2) Å. The environment of the potassium cation, however, changes 

dramatically across the three structures. In the cubic structure the potassium is at the centre of 

a regular KBr12 polyhedron with the observed K-Br distance of 3.65405(2) Å at 300 K being 

similar to the sum of the ionic radii (1.96 and 1.64 Å for 6-coordinate Br and 12-coordinate K 

respectively). The introduction of the in-phase tilt in the tetragonal structure decreases the 

effective coordination of the potassium to 8-coordinate with two distinct K-Br distances of 

3.4838(9) and 3.61931(5) Å at 200 K, there are a further four long contacts at 3.8197(10) Å. 

The addition of the out-of-phase tilts in the monoclinic structure further distorts the potassium 

coordination environment and it can be described as a very distorted KBr6 polyhedron with an 
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average K-Br distance of 3.43 Å although there are four longer K-Br contacts between 3.605(5) 

and 3.781(7) Å at 90 K. 

The third example of a vacancy ordered double perovskite studied here is Na2OsBr6.  

This was generated in-situ by dehydration of Na2OsBr6.6H2O, see below.  The diffraction 

pattern of Na2OsBr6 measured at 480 K was indexed to a primitive monoclinic cell with a = 

6.97887(3), b = 7.26733(3), c = 10.05055(4) Å, β = 90.665(2) ⁰, Vol = 509.707(5) Å3 

corresponding to the monoclinic (P21/n) structure. This was confirmed by Rietveld analysis, 

with details of the structure at 90 K given in Table S3. The monoclinic structure was observed 

to be stable between 80 and 480 K (the limit of our structural investigation). Based on the 

temperature dependence of the monoclinic angle, Figure 5, a transition to a high symmetry 

structure is not expected below around 1000 K which is above the sample decomposition 

temperature.  The temperature dependence of the average Os-Br distance is also unusual, 

Figure 5b. Between 80 and 400 K this distance increases in an approximately linear manner. 

Above 400 K the average Os-Br distance becomes approximately invariant with temperature. 

By analogy with K2OsCl6 we proposed that this is due to increased rotational disorder. This is 

evident from the refined anisotropic ADP, that show inhibited displacement parallel to the Os-

Br bond, see Figure S4 that is analogous to that seen in cubic K2OsCl6.  This phase could be 

recovered to room temperature, allowing its magnetic properties to be investigated and these 

are described below.  The sodium cation is in a NaBr6 polyhedron with an edge sharing 

arrangement similar to that described for anhydrous Na2IrCl6.9 
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Figure 5. Temperature dependence of (a) the refined unit cell parameters and (b) the average 

Os-Br distances for Na2OsBr6.  Panel (c) shows the Rietveld refinement profiles for Na2OsBr6 

at 90 K.  The sample was generated in-situ by dehydration of Na2OsBr6.6H2O at 480 K. Where 

not apparent the esds are smaller than the symbols. 

 

The magnitudes of the symmetry adopted modes were established from the refined 

structure and these are summarised in Table S2.  Remarkably in Na2OsBr6 the magnitude of 

the GM4+ mode, that is associated with the out-of-phase tilts is larger than that of the in-phase 

tilting X3+ mode. This is the opposite of that seen in K2OsBr6.  As demonstrated for some 

double perovskite type oxides the relative order of these modes X3+ > GM4+ is not impacted by 

temperature, although the magnitude of the individual modes is, and this serves as a guide to 

the octahedral tilting patterns that may be present in any intermediate phase.39 Thus, it can be 

speculated, but not experimentally verified, that if an intermediate tetragonal phased form 

between the P21/n and 𝐹𝐹𝐹𝐹3�𝐹𝐹 phases in Na2OsBr6 it is likely to contain only GM4+ out-of-

phase tilts.  If it was tetragonal, it would be described by space group I4/m. 
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To confirm the feasibility of such a structure we reinvestigated the low temperature 

structure of K2OsCl6 using NPD. These measurements confirm the presence of a symmetry 

breaking transition near 50 K, see Figure 6, but did not reveal the presence of any reflections 

indicative of X3+ in-phase tilts diagnostic of P4/mnc. A model in I4/m with out-of-phase tilts 

was developed and this gave a satisfactory fit, Figure 6. Structural parameters from the 

refinement against data measured at 3 K are given in Table S4.  Mode analysis shows the GM4+ 

mode to be the strongest mode with the magnitude of 0.260 Å at 3 K. The temperature 

dependence of this mode was consistent with a second order phase transition.40 

 

115 120 125 130

20 40 60 80 100 120 140 160

20 40 60 80 100 120 140 160

80 K

50 K

40 K

30 K

20 K

In
te

ns
ity

 (a
rb

 u
ni

ts
)

2θ (degrees)

3 K

80 K χ2 = 5.00
Rwp =0.059

3 K

2θ (degrees)

χ2 3.58
Rwp =0.049

 
Figure 6. Temperature evolution of selected region of the powder neutron diffraction profiles 

for K2OsCl6 illustrating the change in symmetry below 50 K.  The RHS panels illustrate 

Rietveld profiles.  At 80 K the structure was refined in cubic 𝐹𝐹𝐹𝐹3�𝐹𝐹 and at 3 K it was refined 

in tetragonal I4/m. 

 

The sense and magnitude of the octahedral rotation in perovskites is dependent on the 

relative sizes and resulting strains of the cations and anions, the extent of covalent and ionic 

bonding between the metal cation and the anion and the nature of any intermolecular 

interactions such as dative coordinate bonding.41-42  In the simple ABO3 perovskites the sense 
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of the tilt is strongly influenced by the formal charges on the two cations.  In the 1+:5+ 

perovskites such as NaNbO3 or NaTaO3 the M-point mode condenses first upon cooling the 

cubic structure resulting in the tetragonal P4/mnc structure.43-44 In the 2+:4+ perovskites such 

as CaTiO3 or SrRuO3 the I4/mcm structure appears45-46 as a result of condensation of an R-

point mode whereas in 3+:3+ oxides such as PrAlO3 or NdAlO3 the rhombohedral R3c phase 

is generally favoured.47-48   The precise manner by which covalency impacts the octahedral 

rotation remains unclear. Garcia-Fernandez and co-workers concluded that partial occupancy 

of the metal t2g orbitals favour rotations.49  The t2g orbitals have π character with respect to the 

M-X bonding involving occupied np orbitals of the ligand. Cammaarata and Rondinelli50 have 

suggested that increased covalency in the metal-oxygen bond of some ferrates reduces the 

octahedral rotation and that out-of-phase rotations lead to less covalent character than in-phase 

rotations 

That the symmetry of Na2OsBr6 does not change upon heating from 90 to 300 K 

whereas that of K2OsBr6 increases from monoclinic to cubic and K2OsCl6 remains cubic over 

the same temperature range can be understood in terms of the familiar Goldschmidt Tolerance 

Factor 𝑡𝑡 =  (𝑟𝑟𝐴𝐴+𝑟𝑟𝑋𝑋)
√2(𝑟𝑟𝐵𝐵+𝑟𝑟𝑋𝑋) where rA, rB and rX are ionic radii for ions in the A, B, X sites.  When t = 

1.0 the un-tilted cubic structure is expected to be stable.  As rA decreases t decreases and tilting 

of the octahedra becomes favoured.  Likewise, as rX increases t decreases.51 The tolerance 

factors for the three halides Na2OsBr6, K2OsBr6 and K2OsCl6 are 0.915, 0.982 and 1.000.  Based 

on these, Na2OsBr6 is expected to be highly distorted, and K2OsCl6 is expected to be cubic.  

K2OsBr6 is intermediate between these two extremes.  These expectations are met in the 

observed phase transition behaviour.  Fedorovskiy surveyed the stability of various K2PtCl6 

type halides and their results show the current osmates fall near the border between the distorted 

and undistorted structures, although in that work they elected to use the ionic radii values for 

the six-coordinate A-site cation rather than the 12-coordinate values assumed here.7 

Returning to the temperature dependent behavior of Na2OsBr6·6H2O, TGA 

measurements showed the sample lost ~ 4.8 equivalents of water upon heating to 400 K which 

is less than the six expected.  This is similar to the observation for Na2IrCl6.6H2O that lost ~ 

3.8 water molecules upon heating to 150 ⁰ C (~ 425 K).  In the case of Na2IrCl6.6H2O diffraction 

measurements of the as supplied sample suggest the sample was not single phase;9 this was not 

the case for Na2OsBr6·6H2O. The water molecules were not lost simultaneously from 
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Na2OsBr6·6H2O rather there are three features apparent in the DTGA profile near 327.2, 348.3 

and 370.5 K, Figure 7.  The thermal evolution of the diffraction patterns between 300 and 480 

K, Figure 8, reveal the presence of four distinct regions, namely below 335 K (triclinic), 360-

370 K (unidentified) 375-425 K (monoclinic-I) and above 435 K (monoclinic-II).  The 

monoclinic-II phase corresponds to the vacancy ordered double perovskite Na2OsBr6 described 

in space group P21/n as above.   Regions of phase co-existence between successive pairs of 

structures were evident. This represents reasonable agreement between the two measurements 

– noting the different environments, sealed glass capillary for the S-XRD measurements 

compared to unsealed pan with a flowing dry nitrogen environment for the TGA.  The 

diffraction patterns in three of these four regions were indexed, using the program Conograph, 
52 as triclinic or monoclinic as indicated above.  The peaks in the second region, 360-370 K, 

were obviously broader than those in the other three regions and attempts to index these 

patterns were unsuccessful.   
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Figure 7. Thermogravimetric curve for Na2OsBr6.6H2O.  The temperature and weight losses of 

the transformations are indicated. 
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Figure 8. Temperature induced changes in the log of the X-ray scattering intensity for 

Na2OsBr6.xH2O.  The sample was ramped from 300 K to 480 K at a rate of 5 K/min.  Data 

were measured for 10 minutes every 5K using X-rays of wavelength 0.590442 Å.  Selected 

profiles are shown in Figure S5. 

 

The S-XRD measurements showed that below 335 K Na2OsBr6·6H2O has a triclinic 

structure 𝑃𝑃1� (No. 2), a = 7.051419(20), b = 7.287631(21), c = 8.581013(24) Å, α = 

78.49110(20), β = 97.88580(20), γ = 72.56320(20) ⁰ Vol = 402.9851(21) Å3 at room 

temperature.  Thus, Na2OsBr6.6H2O is isostructural with several hexachloro complexes 

including Na2IrCl6.6H2O,9 Na2ReCl6.6H2O 53 and Na2PtCl6.6H2O.54  Rietveld refinement 

against the synchrotron diffraction data measured at 300 K, taking the reported atomic 

coordinates for Na2ReCl6.6H2O as a starting model, resulted in a satisfactory fit, as illustrated 

in Figure S6.  Selected structural parameters are given in Table S5, and the structure is shown 

in Figure 9.  Similar quality fits were obtained for the other data sets measured at or below 335 
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K.  Allowing the oxygen occupancies to vary in the Rietveld refinements indicated the water 

content was 5.9 per Os, that is within the precision of the analysis the sample is best described 

as a hexa-hydrate. 

The triclinic Na2OsBr6·6H2O structure contains isolated OsBr6 polyhedra that are 

separated by Na cations, see Figure 9.  The Na cations are in a distorted octahedron consisting 

of five water molecules and one bromine atom.  The Na-O distances are unexceptional and are 

in the range 2.403(12) – 2.562 (13) Å with the Na-Br distance being considerably longer @ 

3.254(8) Å.  The Na(OH2)5Br polyhedra share edges and the resulting chains are bridged by 

[OsBr6]2– anions.  The Os-Br distances are in the range 2.4707(19) – 2.5001(19) Å; the average 

being 2.482 Å.  This is similar to the distance observed in K2OsBr6. 

 
Figure 9.  Representation of the structure of Na2OsBr6.6H2O at room temperature.  The Os 

cations are at the centre of the octahedra with the brown spheres representing the Br anions and 

the red spheres the oxygen atoms.  The left hand representation illustrates the displacement of 

the Na cations in the NaO5 polyhedra as a result of the formation of a Na-Br bond evident in 

the right hand representation. 

 

Although it was possible to index the pattern measured at 400 K to a primitive 

monoclinic cell with a = 6.702054 (17), b = 12.872545 (30), c = 7.461640 (19) Å, β = 

108.576(20) ⁰ Vol = 610.197(2) Å3 a satisfactory model has not been constructed, see Figure 
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S7.  It proved impossible to recover this phase to room temperature precluding study of its 

magnetic properties. 

 

 

2. Magnetic Properties 

The temperature dependence of the field cooled (FC) and zero field cooled (ZFC) magnetic 

susceptibilities for K2OsCl6 and K2OsBr6 are illustrated in Figure 10.  There is little difference 

between the field cooled and zero field cooled susceptibilities for either compound.  The 

magnetic susceptibility for K2OsCl6 is essentially constant above 150 K and only weakly 

increases below this.  This high temperature behaviour is similar to that described by Earnshaw 

et al. and the observed magnetic moment at 300 K (~ 1.4 B.M.) is in reasonable agreement 

with the value reported by these workers.55  There is a broad maximum in the susceptibility 

that occurs near the I4/m to 𝐹𝐹𝐹𝐹3�𝐹𝐹 transition suggesting a weakly magnetic state may be 

formed at low temperatures.  We believe, however, that the correlation between the temperature 

of the structural transition and the magnetic anomaly is coincidental. 
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Figure 10. Temperature dependence of the field cooled and zero field cooled magnetic 

susceptibility for K2OsCl6 and K2OsBr6 measured with an applied field of 1.0 T.  The inverse 

of the ZFC susceptibility is also shown.  The scatter in the data reflects the low measured 

susceptibilities.  The right-hand panels show the field dependence of the magnetisation of the 

two compounds at 2.5 K.   

 

The magnetic behaviour of K2OsBr6 is very similar to that of K2OsCl6, with the 

susceptibilities being essentially independent of temperature above ca 150 K, before increasing 

slowly at lower temperatures.  Whilst a maximum in the susceptibilities is not observed, small 

anomalies are evident around 50 K that may be indicative of weak magnetic interactions, 

suggesting that, like K2OsCl6, K2OsBr6 has a weakly magnetic ground state.  The magnetic 

properties of Na2OsBr6 and Na2OsBr6.6H2O are similar and are illustrated in Figure S8.  In all 

cases the inverse susceptibilities clearly do not follow Cure-Weiss type behaviour, see Figure 

S9-S10. 
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As evident from Figure 11 the temperature dependence of the magnetic moment is well 

described by Kotani theory where the effective moment of low-spin d4 ion in an octahedral 

environment is given by Equation 111, 

𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒2 =  
3�24+�𝑥𝑥2−9�𝑒𝑒

−𝑥𝑥2+�5𝑥𝑥2 −15�𝑒𝑒
−3𝑥𝑥2 �

𝑥𝑥�1+3𝑒𝑒−
𝑥𝑥
2+5𝑒𝑒−

3𝑥𝑥
2 �

      (1) 

where x = ξ/kBT and ξ is the spin-orbit coupling strength. This equation has been used to model 

the magnetic properties of some analogous Ru4+ (d4) halides 13-14, 56 where the spin orbit 

coupling constant (SOCC) was in the range 1240-1650 cm-1.  A similar value was estimated 

by Lu et al. 56  The values estimated for the four Os4+ halides studied are considerably higher 

at around 8500 cm-1 (Table 1).  The Kotani plots for the four Os4+ halides are essentially 

identical, see Figure 11 and Figure S11.  McQueen and co-workers reported a similar 

occurrence for some isoelectronic (5d4) IrV ions. 56   
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Figure 11.  Temperature dependence of the magnetic moments measured under ZFC 

conditions.  The solid black line represents a fit to Kotani theory. 
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Table 1.  Results of fitting the ZFC susceptibilities for A2OsX6 halides to Kotani theory 

Compound ξ (cm-1) Ueff (BM) @ 300 K 

K2OsCl6 8077 1.36 

K2OsBr6 8946 1.29 

Na2OsBr6.6H2O 8553 1.31 

Na2OsBr6 8422 1.33 

 

Figgis et al. reported similarly high values for the spin-orbit coupling constant for some 

Os4+ halides of the type A2OsX6 based on magnetic measurements down to liquid nitrogen 

temperatures but concluded “that these values are a good deal greater than expected”. 15 

Subsequently Güdel and co-workers reported a value of ξ  = 3000 cm-1 for Os4+ in Os-doped 

Cs2GeF6 based on spectroscopic analysis.57  More recently Koseki and co-workers 58 calculated 

values for ξ for the 5d elements using a variety of approaches, finding values of around 7500 

cm-1 that is only slightly smaller than the values experimentally observed here.  These workers 

highlighted the challenges of calculating SOCC for very heavy 5d elements and concluded that 

low-energy spin-mixed states are likely to be important in influencing the properties.  

In the strong SOC limit Os4+ has a singlet Jeff = 0 ground state and an excited triplet Jeff 

=1 state, the separation between these is dependent on the strength of the spin orbit coupling. 

Whilst the Kotani model is successful in reproducing the observed temperature dependence of 

the magnetic moments it masks the more complex low temperature magnetic behaviour shown 

in Figure 10 which suggests that additional factors apply in the current compounds. Our neutron 

diffraction measurements show no evidence for any additional features at low temperatures 

indicative of long-range magnetic ordering, although we note that for 5d systems the magnetic 

form factor is relatively weak.  Experimental studies of some isoelectronic iridium (Ir(V) 5d4) 

perovskites have shown some of these have nonmagnetic ground states.59 The unexpected 

emergence of such exotic magnetic ground states in IrV oxides has been attributed to a number 

of factors including the effects of non-cubic crystal fields and overlap of the J = 1/2 and J = 3/2 

bands ( see Scheme 1) leading to partial occupancy of the J = 1/2 state by electrons with an 

equal number of holes in the J = 3/2 state.  The observed tilting of the OsX6 octahedra will lift 

the degeneracy of the t2g orbitals, however this splitting is expected to be small compared to 

both the ligand filed strength and spin orbit coupling, see Figure S1.  It seems likely that a Jeff 
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= 0 Γ1 ground state will occur.  Several theoretical studies have predicted a quantum phase 

transition between the nonmagnetic state and a magnetic state in the double perovskite 

iridates.60  Although the present study does not allow us to identify the nature of the magnetic 

ground state in these osmium halides the observation that the four halides show essentially 

identical magnetic behaviour despite their vastly different structural distortions indicates that 

the symmetry lowering plays a relatively minor role in determining the magnetic ground state.  

Likewise since these compounds are not susceptible to anti-site disorder the impact of such 

lattice defects can be ignored.61 

 

 

Conclusion 

Synchrotron X-ray diffraction methods have been used to establish accurate and precise 

structures for a family of osmium halides K2OsCl6, K2OsBr6, Na2OsBr6 and Na2OsBr6.6H2O.  

The three anhydrous halides can be described as vacancy-ordered double perovskites.  The 

differences in both their room temperature structures and the presence of thermally induced 

phase transitions, K2OsBr6 undergoes two structural transitions following the sequence 

𝐹𝐹𝐹𝐹3�𝐹𝐹 → 𝑃𝑃4 𝐹𝐹𝑚𝑚𝑚𝑚⁄ → 𝑃𝑃21/𝑚𝑚, can be understood in terms of the relative size of the constituent 

ions quantified by the tolerance factor.7   That K2OsBr6 and K2OsCl6 display different 

tetragonal structures with different tilting of the OsX6 octahedra at low temperatures is unusual 

and points to the importance of covalent bonding in establishing favoured tilt patterns. 

The structure of Na2OsBr6.6H2O has been determined for the first time and the thermal 

stability of this established using a combination of in-situ diffraction and TGA.  Although 

Na2OsBr6.6H2O and Na2OsBr6 are isostructural with the analogous iridium chlorides 

Na2IrCl6.6H2O and Na2IrCl6, dehydration proceeds via different intermediate phases.9 

The Os4+ cation (5d4) is expected to have a Jeff = 0 ground state.  The magnetic properties 

of the four compounds display Kotani-like behaviour11 with large values of the spin-orbit 

coupling constant.  The magnetic susceptibility measurements reveal unusual low temperature 

properties indicative of a weakly magnetic ground state analogous to that seen in some 

isoelectronic Ir perovskites.3  The nature of this magnetic ground state is unknown and it is 

hoped that this work will stimulate further studies of this unexpected result. 
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The structures and magnetic properties of some Os4+ (5d4) vacancy-ordered double 

perovskites halides, K2OsCl6, K2OsBr6, Na2OsBr6 and Na2OsBr6.6H2O are described.  These 

display a variety of temperature induced structural phase transitions.  They display Kotani-like 

behaviour, consistent with a Jeff = 0 ground state, although their low temperature properties 

suggest a weakly magnetic ground state. 
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