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Abstract: Rocksalt-type oxides Li3OsO4 with disordered and ordered arrangements of Li 

and Os were synthesized. The disordered phase crystallizes in the ideal rocksalt structure 

with cubic space group 𝐹𝐹𝐹𝐹3𝐹𝐹 , while the ordered polymorph adopts the monoclinic 

Na3BiO4-type structure (space group P2/c). The analyses of X-ray and neutron diffraction 

data of monoclinic Li3OsO4 indicate that there is a considerable anti-site disorder of Li 

and Os and that the sample is nonstoichiometric (Li3.045(5)Os0.955(5)O4). In monoclinic 

Li3OsO4 the OsO6 octahedra are not isolated from each other but they form edge-sharing 

zigzag chains. Both cubic and monoclinic Li3OsO4 are electrically semiconducting. Cubic 

Li3OsO4 does not show any sign of magnetic order down to 2 K, whereas the χ(T) data of 

monoclinic Li3OsO4 display an anomaly at 310 K. However, the neutron diffraction study 

indicated no evidence of long-range magnetic order. The anomaly at 310 K may be caused 

by short-range antiferromagnetic ordering within the individual Os chains. 
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1. Introduction 

Rocksalt-type oxides have come into focus as functional materials and have been 

extensively studied since the 1980s, after the historical finding of LiCoO2 being a high 

performance cathode material [1]. Many further lithium oxides with rocksalt structure, 

such as LiVO2, LiNiO2, Li2MnO3, Li2TiO3, and Li3NbO4-based materials, have been 

reported as possible cathode materials [2−8]. Some rocksalt-type oxides display 

polymorphism featuring ordered or disordered arrangements of cations [9−11]. Ordered 

rocksalt type transition metal oxides can form lattices which are of interest for their 

magnetic states. A spin-liquid magnetic ground state has been proposed for LiNiO2 and 

NaTiO2 [12−14]. Na3Cu2SbO6 was reported to have a singlet ground state [15], while 

isostructural Na3Co2SbO6 shows long-range antiferromagnetic ordering [16].  

Compared with 3d transition metals, the 4d/5d representatives in general show larger 

spin-orbit couplings, weaker Coulomb repulsion, and larger crystal field splitting energy, 

which results in particular interplays between charge, spin, and orbital degrees of freedom 

[17]. For instance, hyper-honeycomb iridate β-Li2IrO3 has been considered a platform for 

Kitaev magnetism [18−20]. Rocksalt-type osmates such as Li4MgOsO6 (Os6+), and 

Li5OsO6 (Os7+) with long-range magnetic order or magnetic frustration have been 

reported [21,22]. From a chemistry point of view, osmium is capable of adopting a wide 

range of oxidation states from −2 to +8. Oxides containing Os5+ are of particular interest, 

for example NaOsO3 shows a metal-insulator transition and metallic LiOsO3 display a 

ferroelectric-like structural transition [23−25]. In this work, we targeted a rocksalt-type 

osmate with Os5+. We synthesized Li3OsO4 with both ordered and disordered arrangement 

of Li and Os. While the crystal structure of disordered cubic Li3OsO4 was reported earlier 

[26], here the cation ordered monoclinic phase has been obtained for the first time. 
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2. Experimental 

Cubic Li3OsO4 was synthesized by solid state reactions of Li2O, OsO2, and KClO4 under 

the pressure of 2 GPa. Li2O was prepared by thermal decomposition of LiOH (Alfa Aesar, 

98 %) according to Brauer [27]. About 80 mg of Li2O, OsO2, and KClO4 in a molar ratio 

of 3/2 : 1 : 1/8 were well ground together in an Ar-filled glovebox and then sealed in a gold 

capsule (diameter of 1.5 mm; length of 5.0 mm). The gold crucible was compressed in a 

piston cylinder press at a pressure of 2 GPa, and was heated at 800 °C for 1 hour. After 

quenching to ambient temperature the pressure was released. 

Monoclinic Li3OsO4 was synthesized by solid state reactions of Li2O, Li2O2 (95%, 

Alfa), and OsO2 (Os 83%, alfa) in a molar ratio 1 : ½ : 1. About 400 mg of constituents 

were mixed together and pressed into a pellet inside an Ar-filled glovebox, and then the 

pellet was loaded into a corundum crucible inside a silica tube (diameter of 8 mm). The 

silica tube was then sealed under dynamic vacuum using a H2/O2 torch, and heated at 

750°C for 48 hours in a tube furnace. Note that the length of the sealed silica ampule is 

about 150 mm. Along with this procedure, about 3 grams of Li3OsO4 were synthesized 

for neutron powder diffraction.  

Both synthesized samples are black. Small pieces of each Li3OsO4 samples were 

cut from the synthesized pellets and finely ground to collect X-ray diffraction (XRD) 

patterns (Guinier technique, Huber G670 camera, Cu-Kα1 radiation, λ = 1.54056 Å, 

germanium monochromator, 10º ≤ 2θ ≤ 85º, the step width of 0.005º). The refinement of 

crystal structures was carried out by Rietveld analysis using the RIETAN-VENUS 

program [28], and the crystal structure was drawn using the VESTA software [29].  

The neutron powder diffraction experiments were carried out on the instruments E2 



 5 
 

and E6 at the BER II reactor of the Helmholtz-Zentrum Berlin, where powder patterns 

were recorded in the ranges of 2θ = 7.8 and 83.4 ° (E2) and 2θ = 5.5 and 136.5 ° (E6), 

respectively. Both instruments use a pyrolytic graphite (PG) monochromator to select the 

neutron wavelength λ = 2.38 Å (E2) and λ = 2.43 Å (E6), respectively. The powder sample 

of monoclinic Li3OsO4 was filled in a vanadium container with the dimensions d = 6 mm 

and h = 40 mm. The temperature dependence of the structural properties was investigated 

on E6 between 2 and 353 K using an Orange Cryofurnace (AS Scientific Products Ltd., 

Abingdon, GB). In order to follow in detail the structural changes, we collected 30 powder 

patterns in this temperature range. Rietveld refinements of the powder diffraction data 

were carried out with the program FullProf [30], using the nuclear scattering lengths b(Li) 

= ‒1.90 fm, b(O) = 5.805 fm, b(Os) = 11.0 fm [31]. In order to achieve a detailed magnetic 

structure analysis, neutron powder diffraction patterns were collected at T = 2 and 298 K 

on the instrument E2 with high counting statistics (24 h/pattern) using a 15-min 

collimation to improve the instrumental resolution.    

Using pieces of the obtained pellet, the electrical resistivity (ρ) was measured 

with a DC gauge current of 0.1 mA by the four-point method using a physical properties 

measurement system (PPMS, Quantum Design, Inc.). Electrical contacts were made with 

Pt wires and silver glue. The magnetic susceptibilities (χ) of the samples were measured 

in a SQUID magnetometer (MPMS, Quantum Design), at zero-field cooled (ZFC) and 

field cooling (FC) conditions in the temperature range of 2 to 380 K under applied 

magnetic fields of 10 kOe.  

 
 

3. Results and discussions 

Crystal structures. The XRD pattern of the sample synthesized at 2 GPa and 800 °C, 



 6 
 

shown in Fig. 1, can be well Rietveld refined assuming the cubic structure with space 

group 𝐹𝐹𝐹𝐹3𝐹𝐹 , which is consistent with the cubic Li3OsO4 reported [26]. This space 

group has been shown to be adapted by similar oxides like Li3MoO4, Li3NbO4, and 

Li3TaO4 [10,32,33]. In cubic Li3OsO4, the 4a site is shared by Li and Os atoms, and the 

4b site is occupied by O atoms. Besides the main phase Li3OsO4, the XRD pattern 

indicates presence of 1.5%wt of KCl, which stems from KClO4 used as an oxygen source, 

and further 0.8%wt of Os metal is noticeable. It is should be noted that calculated weight 

percent for KCl from starting materials (Li2O, Os, and KClO4) is 1.25%wt. The results of 

the Rietveld refinements for cubic Li3OsO4 are summarized in Table 1. 

 
Fig. 1. Rietveld refinement of the powder XRD pattern of cubic Li3OsO4. The calculated 
patterns (red) are compared with the observed ones (black circles). The difference of 
patterns is shown as a blue curve. Black vertical bars indicate the Bragg reflection 
positions for the cubic Li3OsO4 (top), KCl (middle), and Os (bottom). 
 

The XRD pattern (see Fig. 2a) of the sample synthesized at 750 °C under ambient 

pressure can be well refined assuming the Na3BiO4 type structure (space group P2/c) [34], 

which was originally determined using single-crystal data and reported to apply for 

similar oxides Li3SbO4, and Li3RuO4 [35,36,37]. In this structure, there are four 
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distinguishable sites for cations, where Li1/Os1 and Li2/Os2 are located at the Wyckoff 

position 2e (0,y,¼) and Li3/Os3 and Li4/Os4 at 2f (½,y,¼), respectively. The refinements 

indicated that the Li1/Os1 site is dominantly occupied by Os, whereas the other sites are 

Li dominant sites (see Fig. 3). The Rietveld refinements suggested a small amount of Os 

deficiency and resulted in a nonstoichiometric composition of Li3.056(2)Os0.944(2)O4. 

Because of the weak X-ray scattering power of Li, it is difficult to accurately 

determine its position, especially in the presence of a strong scatterer Os. Therefore we 

complementarily used the neutron-diffraction technique to reveal in detail the structural 

properties of Li3OsO4. Rietveld refinements of the data set collected at the highest 

temperature of 353 K (see Fig. 2b) converged to a satisfactory residual RF = 0.0233 

(defined as RF = ∑||Fobs| − |Fcalc||/∑|Fobs|), confirming the Na3BiO4-type structure with the 

space group P2/c. These results are in full agreement with the results of our XRD study. 

The sample contained 0.66(3) % of Li2CO3 which was taken into account in the Rietveld 

refinement. The Li2CO3 may be resulted by the reaction of Li2O and CO2 in air. Here the 

structural parameters of Li2CO3, given in Ref. 38, were used. It was found that the site 

Li1/Os1 in Li3OsO4 is mainly occupied with Os, while the other three sites mainly contain 

Li. Here it has to be mentioned that the standard deviations of the positional parameters 

y(Li2/Os2) and y(Li3/Os3) are considerably enlarged (Table 1). This can be ascribed to 

the fact that neutron scattering length of Li is negative [b(Li) = −1.90 fm] and much 

smaller than [b(Os) = +11.0 fm] which completely compensate each other at a critical 

concentration of 85% Li. The Li concentration at the Li2/Os2 site lies nearest to this 

critical value and therefore the sigma of y(Li2/Os2) is the largest. 

The refinements also indicate that both oxygen sites 4g (x,y,z), O1 and O2 are fully 

occupied. The refinement results of the neutron data also indicate a small amount of Os 
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deficiency and give a nonstoichiometric composition of Li3.045(5)Os0.955(5)O4, which is 

close to the composition obtained from X-ray analysis. We presume the formation of 

volatile OsO4 during the synthesis to be responsible for the Os deficiency. The results of 

the Rietveld refinements for both, X-ray and neutron diffraction data, are summarized in 

Table 1. Compared to monoclinic Li3RuO4, in which Ru-dominant site is fully occupied 

by Ru and the Li-dominant sites are partially occupied by Ru with 1.0% - 1.7% [37]. The 

monoclinic Li3.045(5)Os0.955(5)O4 show much higher degree of anti-site disorder between Li 

and Os site: 17.1% of Os-dominant Li1/Os1-site was occupied by Li and Li-dominant 

Li2/Os2, Li3/Os3, and Li4/Os4-sites partially occupied by Os with 0.6% - 9.8% (see 

Table 2).   

 
Fig. 2. X-ray (at 299 K) and neutron powder diffraction patterns (at 353 K, instrument 
E6) of monoclinic Li3OsO4. The calculated patterns (red) are compared with the 
observed ones (black circles). The difference of patterns is shown as a blue curve. Black 
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vertical bars indicate the Bragg reflection positions for title phase and impurity phase 
Li2CO3, respectively. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article). 
 
Table 1. Results of the X-ray and neutron diffraction studies of cubic and monoclinic 
Li3OsO4. Listed are the unit cell and positional parameters as well as the refined 
occupancies at the Li/Os sites. 
  
Atom Site x y z occ Biso (Å2) 

Cubic Li3OsO4 at 299 K (X-ray diffraction).  

Space group 𝐹𝐹𝐹𝐹3𝐹𝐹: a = 4.1551(2) Å, V = 71.738(5) Å3, Z = 1, Rwp = 3.58%, RP = 2.75%, 
χ2 = 2.189. 

Li/Os 4a 0 0 0 0.75/0.25 1.28(2) 

O 4b 0.5 0.5 0.5 1 1.28(2) 

Monoclinic Li3OsO4 at 299 K (X-ray diffraction).  

Space group P2/c: a = 5.1154(6) Å, b = 5.8845(7) Å, c = 5.0679(5) Å, β = 109.686(3) °, 

V = 143.64(3) Å3, Z = 2, Rwp = 4.67%, RP = 3.62%, χ2 = 4.04. 

Li1/Os1 2e 0 0.1316(6) 0.25 0.149(4) /0.851 0.45(2) 

Li2/Os2 2e 0 0.628(4) 0.25 0.925(1)/0.075 0.45(2) 

Li3/Os3 2f 0.5 0.126(11) 0.75 0.997(1)/0.003 0.45(2) 

Li4/Os4 2f 0.5 0.392(7) 0.25 0.986(1)/0.014 0.45(2) 

O1 4g 0.2034(11)  0.1096(16) 0.0058(17) 1 0.45(2) 

O2 4g 0.7760(11) 0.3518(16) 0.0089(16) 1 0.45(2) 

Monoclinic Li3OsO4 at 353 K (neutron diffraction).  

Space group P2/c: a = 5.1062(11) Å, b = 5.8903(11) Å, c = 5.0805(10) Å, β = 109.75(2) 

°, V = 143.82(9) Å3, Z = 2, RF = 0.0233. 

Li1/Os1 2e 0 0.131(4) 0.25 0.171(5)/0.829 0.86(8) 

Li2/Os2 2e 0 0.65(3) 0.25 0.902(5)/0.098  0.86(8) 

Li3/Os3 2f 0.5 0.121(20) 0.75 0.978(5)/0.022  0.86(8) 

Li4/Os4 2f 0.5 0.440(8) 0.25 0.994(6)/0.006  0.86(8) 

O1 4g 0.2249(18)  0.1183(15) 0.0062(26) 1 0.86(8) 

O2 4g 0.7589(16) 0.3509(17) 0.0055(22) 1 0.86(8) 
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Table 2. Selected bond lengths and angels of monoclinic Li3OsO4 (neutron diffraction at 

353 K). 

Bond length (Å) Bond angle (º) 

Li1/Os1−O1  1.954(8) × 2 O1−Li1/Os1−O1 175.6(3) 

Li1/Os1−O1  2.04(2) × 2 O1−Li1/Os1−O2 174.95(17) × 2 

Li1/Os1−O2  1.924(19) × 2   

Li2/Os2−O1  1.97(13) × 2 O1−Li2/Os2−O2 172.2(3) × 2 

Li2/Os2−O2  2.069(7) × 2 O2−Li2/Os2−O2 179.7(3) 

Li2/Os2−O2  2.26(14) × 2   

Li3/Os3−O1  2.08(9) × 2 O1−Li3/Os3−O1 179.2(3) 

Li3/Os3−O1  2.214(8) × 2 O1−Li3/Os3−O2 176.7(2) × 2 

Li3/Os3-O2  2.03(8) × 2   

Li4/Os4−O1  2.43(4) × 2 O1−Li4/Os4−O2 167.7(3) × 2 

Li4/Os4−O2  1.95(4) × 2 O2−Li4/Os4−O2 151.9(3)  

Li4/Os4−O2  2.162(14) × 2   

 
 

  
Fig. 3. Crystal structures of (a) cubic Li3OsO4, and (b) monoclinic Li3OsO4. The green, 
brown, and red solid spheres represent Li, Os, and O, respectively.  
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The crystal structure of cubic Li3OsO4 is an ideal rocksalt structure as shown in Fig. 

3, where the cation sites are occupied by both, Li and Os. The crystal structure of 

monoclinic Li3OsO4 evolves from the rocksalt structure by cation ordering. The cation 

ordering gives rise to a monoclinic supercell. The O−Li/Os−O bond angles deviate from 

the ideal 180º value and range from 151.9 to 179.7° (see Table 2).  

Relevant bond lengths as obtained from the 353 K neutron diffraction data are 

summarized in Table 2. For the Os-dominant octahedra, the average bond length for 

Li1/Os1−O is 1.97 Å, which is comparable to the values reported for Os5+ oxides, such 

as 1.96 Å for Ca2FeOsO6 [39], Sr2ScOsO6 [40], La2NaOsO6 [41], or 1.97 Å for 

Pr2NaOsO6 [41]. This indicates that Os atoms in the monoclinic title compound are 

basically pentavalent. However, due to the nonstoichiometricity according to the 

composition Li3.045
+1Os0.955

+5.19O4 as obtained from refinement, a small share of Os6+ 

might be present in the sample. For the Li-dominant octahedra, the average bond lengths 

are 2.10, 2.11, and 2.18 Å for Li2/Os2−O, Li3/Os3−O, and Li4/Os4−O, respectively, 

which are in a reasonable range, 2.10−2.21 Å, for Li+1-centered octahedra [35−37]. 

However, it should be noted that the Li4/Os4-centered octahdedra shows exceptional high 

degree of distortion as the bond angles O−Li4/Os4−O are 151.9(3)º and 167.7(3)º 

deviating from 180º. The corresponding bond angles for the other octahedral sites in 

Li3OsO4 are in the range of 172.2º to 179.7º which are close to 180º. For isostructural 

compounds Li3RuO4 [37] and Li3SbO4 [36], the corresponding band angles are larger than 

171.88(12)º and 170.19(15)º, respectively. 

The crystal structure of monoclinic Li3OsO4, projected along c and a axis, is shown 

in Fig. 4, where the Os-dominant sites are drawn as octahedra. The Os-dominant 
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octahedra are not isolated from each other but form edge-sharing zigzag chains. The 

distance for the nearest Os ions are dOs-Os = 2.97(2) Å inside the chains. 

 

Fig. 4. Projections of the crystal structure of monoclinic Li3OsO4, view directions [001] 
(left) and [100] (right).   
 

 

In our neutron diffraction study, we have investigated the structural changes of 

monoclinic Li3OsO4 in the temperature range from 2 to 352 K. In Fig. 5 the thermal 

variation is shown for the reflection groups ‒202/121 and ‒321/‒123/040/202, where the 

changes are strongly pronounced. From 352 K down to 130 K the intensities and positions 

of the reflection groups ‒202/121 and ‒321/‒123/040/202 show a notable continuous 

change, while below 130 K the structure develops into a well stabilized low-temperature 

state down to 2 K. On the other hand, no broadening could be observed for the reflections 

100 and 010 (see Fig. 6). Further, the position of 100 remains practically unchanged 

suggesting that the lattice parameter a does not change. The 010 only shows a slight 

change of its 2θ position to higher angles indicating a decrease of the respective lattice 

parameter b from 5.890(1) to 5.850(1) Å. Therefore strong structural changes have to be 

ascribed to the change of the lattice parameter c and the monoclinic angle β. However, it 
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was not possible to get a successful profile refinement for the data set collected at 2 K. 

Furthermore from our analysis it was not possible to find a lower symmetric space group. 

At this point, we only can assume that a strain occurs along a particular direction, and 

increases continuously from 352 down to about 130 K. The cause of these distortions may 

be ascribed to the fact that Li+ ions may change their positions as a function of the 

temperature. Below 130 K the structure finally reaches a well stabilized state. Due to the 

anisotropic peak broadening we only could obtain a satisfactory profile fit of the data set 

collected at 352 K.     

 

 
Fig. 5. Temperature dependence of the shifts of particular Bragg reflections of monoclinic 

Li3OsO4, see text.   
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Fig. 6. Neutron powder patterns of monoclinic Li3OsO4 collected at 2 K and 298 K on 

the instrument E2. The sample contains a minor amount Li2CO3, where the reflection 

observed at 33.3° is marked with an asterisk. The difference of patterns (black) is shown 

in the lower part of the pattern. 

Electric resistivity. Both the cubic and monoclinic Li3OsO4 samples show 

semiconducting behavior (see Fig. 7): the electrical resistivity (ρ) increases when the 

temperatures decrease. At 400 K, monoclinic Li3OsO4 shows a much higher resistivity of 

ρ = 9062 Ωcm than cubic Li3OsO4 (7 Ωcm). The ln(ρ) vs. T−1 data of monoclinic Li3OsO4 

show linear behavior and the estimated activation energy amounts to ≈ 0.5 eV. In contrast, 

for cubic Li3OsO4 the ln(ρ) data show a roughly linear behavior on the T−1/4 scale, which 

is in accordance with a three dimensional variable range hopping transport model. 
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Fig. 7. Temperature dependence of the resistivities of cubic Li3OsO4 and monoclinic 
Li3OsO4. The bottom panel shows the corresponding data with T−1 and T−1/4 scale. 
 

Magnetism. The temperature dependent magnetic susceptibilities (χ) for both, 

cubic and monoclinic Li3OsO4, are shown in Figure 8. Cubic Li3OsO4 displays no sign 

for magnetic order down to 2 K. The χ(T) data of monoclinic Li3OsO4 show an anomaly 

around 310 K, indicating possible antiferromagnetic transition. The χ−1(T) data of the 

cubic Li3OsO4 is not linear and do not obey the Curie-Weiss law. Attempts to correct the 

data by considering a temperature independent term χ0 have failed. For example, when 

assuming χ0 = 4.5 × 10−4 emu mol−1, a value comparable to those in other 5d oxides 

AOsO3 [42] and A2ScIrO6 [43], the corresponding (χ − χ0)−1(T) data neither obey the 

Curie-Weiss Law (see the inset in Fig. 8). 
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Fig. 8. Temperature dependence of the magnetic susceptibility of cubic Li3OsO4 (top) and 
monoclinic Li3OsO4 (bottom). For cubic Li3OsO4 data, a 2.0% of mass for KCl and Os 
was subtracted. The inset shows the corresponding χ−1 vs. T, and (χ − χ0)−1 vs. T data, 
where χ0 = 4.5 × 10−4 emu mol−1. 

 

To understand the nature of the magnetic anomaly at 310 K, a neutron diffraction 

study was carried out. However, no magnetic diffraction peak was observed down to 2 K 

(Fig. 6), indicating that the transition seen in the χ(T) data of monoclinic Li3OsO4 may be 

not related to a long range magnetic order. One possible interpretation of the data is that 

the anomaly at 310 K corresponds to on-set of short-range antiferromagnetic ordering 

within the individual Os-chains. Compared with analogous Li3RuO4, which shows 3-

dimensional magnetic ordering below 40 K [44], the Li3OsO4 samples feature a much 

higher degree of anti-site disorder between Li and Os (as discussed in the crystal structure 
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part) [37]. In a theoretical study by Son et al., the anti-site defects in Li3RuO4 were found 

to damage the inter-chain antiferromagnetic coupling [45]. Thus, the considerable anti-

site disorder in Li3OsO4 may hinder the formation of long-range antiferromagnetic 

ordering as well. Future studies, such as muon spin relaxation, may be useful to 

investigate in detail the formation of short- and long-range order in monoclinic Li3OsO4.  

 

 Conclusions 

Rocksalt-type Li3OsO4 variants with disordered and ordered arrangements of Li and Os 

were synthesized. The disordered phase crystallizes in the ideal rocksalt structure with 

cubic space group 𝐹𝐹𝐹𝐹3𝐹𝐹 . The ordered phase is isostructural to the Na3BiO4-type 

structure (P2/c). Analyses of X-ray and neutron diffraction data of monoclinic Li3OsO4 

indicate that there is considerable anti-site disorder of Li and Os and that the sample is 

nonstoichiometric [Li3.045(5)Os0.955(5)O4]. In monoclinic Li3OsO4, the octahedra 

predominantly occupied by Os are not isolated from each other but form edge-sharing 

zigzag chains. Both, cubic Li3OsO4 and monoclinic Li3OsO4, are electrically 

semiconducting. Cubic Li3OsO4 did not show any sign of magnetic order down to 2 K. 

Monoclinic Li3OsO4 displays an anomaly at 310 K in the χ(T) data. However, the neutron 

diffraction study indicated that there is no long-rang magnetic order. The anomaly at 310 

K may be caused by short-range antiferromagnetic ordering within the individual Os 

chains. 
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