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Abstract 

A series of disordered Ca1.5La0.5FeRuO6, CaLaFeRuO6 and La2FeRuO6 double perovskites was prepared 

by solid-state method and investigated by neutron powder diffraction, x-ray absorption near edge structure 

(XANES) analysis at the Ru-K edges, Mössbauer spectroscopy, dc magnetization and resistivity measurements. 

All compounds crystallize in the orthorhombic crystal structure with the space group Pbnm down to 3 K showing 

a random distribution of Fe and Ru at the B site. The XANES study reveals a variable Run+ oxidation state, whereas 

Mössbauer spectra verify the Fe3+ state for all compositions. In Ca1.5La0.5FeRuO6, the majority of Ru ions exist in 

the +5 oxidation state, whereas CaLaFeRuO6 and La2FeRuO6 comprise of mixed oxidation states between +5 and 

+4 with the highest Ru4+ fraction in La2FeRuO6. From magnetic susceptibility and neutron diffraction 

measurements the presence of a G-type antiferromagnetic ordering was observed with a drastic increase in 

transition temperatures from 275 K (Ca1.5La0.5FeRuO6) up to 570 K (La2FeRuO6). Mössbauer spectroscopy 

confirms the presence of long-range ordering but, due to local variations in the exchange interactions, 

microscopically inhomogeneous magnetic states. All the samples are variable-range-hopping semiconductors. A 

complex interplay between structural features, charge states, and atomic disorder determines the magnetic 

properties of the present disordered 3d/4d double perovskite series. 
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1. Introduction 

Pervoskites show a various range of functional properties due to the strong correlations between charge, 

spin, lattice and orbital degrees of freedom.1-5 The presence of unpaired d electrons in transition-metal atoms gives 

rise to several properties such as superconductivity, complex magnetic ordering, large magnetoresistance, 

ferroelectricity, multiferroicity, thermoelectricity and catalytic activity with great interest in scientific and 

technical purposes.6-12 The crystal structures of perovskites with the composition ABO3 (B = transition metals) 

generally have an arrangement of corner shared BO6 octahedra. There is a possibility of targeted control of their 

properties due to chemical flexibility of perovskites to allow a range of structural modifications.13-15 On one side, 

the properties of these oxides are strongly influenced by substitution of cations at the B site giving mixed valence 

states as it can be found in double perovskites with the composition A2BB΄O6.16 On the other hand the A site mainly 

contains divalent cations as Ca2+, Sr2+, Ba2+ and/or trivalent rare-earths ions, where size and charge of these cations 

have a strong influence on structural and physical properties of the perovskite materials.17-20 The oxidation state 

of the B-site cation is controlled by the average A-cationic charge, whereas the size of the A cation controls the 

cooperative tilting of BO6 octahedra in the perovskite network. The cooperative octahedral tilting affects both the 

B-O bond lengths and B-O-B bond angles present in perovskites.21 

The presence of large magnetoresistance in Sr2FeMoO6, which belongs to the double perovskite (DP) 

family, has attracted a great attention for further investigations.22 Generally, complex properties are found due to 

competing exchange interactions between the B and B΄ sublattices of DP oxides. These interactions are mainly 

caused by the presence of two different transition metal cations at the B and B΄ sites and are influenced by their 

crystallographic arrangement (ordering and disordering).23-28 Ordering and disordering depend on the size and 

charge difference between the B and B΄ site transition metal cations. Competing interactions are found between 

strongly correlated 3d and less correlated 4d or 5d electrons. The additional spin-orbit coupling, present in 4d/5d-

transition elements, is considered to be essential in these interactions. A large number of osmium and iridium 

based DP’s show interesting phenomena due to such coupling.29-34 Due to the presence of an intermediate spin-

orbital-coupling strength and large spatial extent of the charge distribution, 4d transition metals, in particular the 

variable-oxidation state metal Ru, are a good choice for insertion at the B site in DP’s.35 In pure Ru perovskites, 

the rather itinerant 4d electrons of Ru give rise to ferromagnetism (FM) in SrRuO3 originating from the low-spin 

t2g
4 -electron configuration of Ru4+, while in case of Sr1−xCaxRuO3, an increased isovalent fraction x(Ca) leads to 

a decrease of the CW temperature θ which finally becomes negative, but without leading to long-range 

antiferromagnetic (AFM) ordering in CaRuO3.36-37 This shows the loss of long-range ferromagnetic ordering by 

A-site substitution in ruthenates. Interestingly, LaRuO3 containing nominal Ru3+ shows metallic character with no 

long-range magnetic ordering.38 The coupling between the 4d orbital of Run+ and 2p orbital of O2− is responsible 

for the ferromagnetism in ruthenates and the behaviour can be varied by substitution with magnetic and 

nonmagnetic ions. Interestingly, a substitution with magnetic ions at the B site can give rise to additional magnetic 

interactions between different magnetic ions creating complex magnetic phase transitions.39-45 

Although, the B-site substitution gives rise to interesting magnetic and electronic properties in DP’s, but 

A-site substitution can also lead to peculiar properties, for instance change from long-range ordering to a spin-

glass state by Sr2+substitution in the disordered Ca2FeRuO6.46 In case of the La2−xSrxMnRuO6 (0 ≤ x ≤ 2.0) system, 

50% substitution of Sr2+ generates a FM structure, whereas the end member with 100% Sr2+ substitution gives rise 
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to AFM behaviour.44 In these compounds charge compensation is achieved by changing the valence state of the 

Mn atoms from 2+ to 4+. This enhances the super-exchange interactions between the Mnn+ and Ru4+ ions.47 On 

the contrary, the oxidation states of both the transition elements change in La1+xSr1−xCoRuO6 with La3+ 

substitution48 or in the isovalent substitution series Ca2-xSrxMnRuO6.49 It is well established that ordered DP’s 

reveal a rich variety of magnetic properties which may be useful for device applications, while disordered 

perovskites can feature unexpected magnetic properties. A recent example is the room temperature ferrimagnetism 

in Ca2MnOsO6.50 In the present work we have explored the influence of La substitution at the A site on the 

properties of the G-type antiferromagnet Ca2FeRuO6.46 Neutron powder diffraction (NPD), magnetization, and 

transport measurements as well as 57Fe-Mössbauer and x-ray absorption near edge structure (XANES) 

spectroscopy were applied to unravel the relationship between crystal structure, charge states, and properties in 

the three B-site disordered perovskites Ca1.5La0.5FeRuO6, CaLaFeRuO6, and La2FeRuO6. It was found that the 

magnetic ordering temperature increases drastically from 220 K in Ca2FeRuO6 to 570 K in La2FeRuO6, whereas 

on the microscale due to atomic and charge disorder inhomogeneous magnetic states emerge. 

 

2. Experimental details 

The conventional solid-state reaction technique was adopted for preparation of Ca1.5La0.5FeRuO6, 

CaLaFeRuO6 and La2FeRuO6 polycrystalline powders by using stoichiometric ratios of binary oxides. Precisely 

weighed amounts of pure CaCO3/La2O3, RuO2, and Fe2O3 (all reagents were almost 99.9% pure and used without 

further purification) powders with stoichiometric ratios suitable for all compounds were ground in an agate mortar. 

The powders were pressed into pellets (8 mm diameter and 2 to 3 mm thickness) by using a pressure of 10 bars. 

The pressed pellets were sintered at 980 and 1280 oC (24 h for each temperature) in air with the heating rate of 

100oC/h in each step following intermediate grindings. 

Powder x-ray diffraction (PXRD) studies were performed using a Rigaku diffractometer with a rotating 

anode Cu-Kα source. The PXRD patterns were collected from 10 to 80o in steps of 0.02o with a counting time of 

4 sec per step. Rietveld refinements of the powder diffraction data were carried out with the program FullProf. 

For the x-ray data we used the atomic scattering factors provided by this program. Background refinement is done 

by using a polynomial function. A pseudo-Voigt function and two asymmetry parameters are used for peak shapes 

fitting. Neutron powder diffraction experiments of Ca1.5La0.5FeRuO6, CaLaFeRuO6 and La2FeRuO6 were carried 

out on the instruments E6 and E9 at the BER II reactor of the Helmholtz-Zentrum Berlin. The instrument E9 uses 

a Ge-monochromator selecting the neutron wavelength λ = 1.3087 Å, while the instrument E6 uses a pyrolytic 

graphite (PG) monochromator selecting the neutron wavelength λ = 2.43 Å. In order to determine in detail the 

crystal structure parameters at 3 K, powder patterns were recorded on the instrument E9 between the diffraction 

angles 7.5 and 141.7° (Fig. 1). The magnetic structures of the ruthenates were investigated on the instrument E6, 

where powder patterns were collected between the diffraction angles from 5.4 to 136.6°. Further, we have 

followed the temperature dependence of the crystal and magnetic structure on the instrument E6. For the 

refinements of the neutron powder data the nuclear scattering lengths b(O) = 5.805 fm, b(Ca) = 4.70 fm, b(Fe) = 

9.54 fm, b(Ru) = 7.03 fm and b(La) = 8.24 fm were used.51-52 

X-ray Absorption Near Edge Structure analysis (XANES) has been carried out at the Ru-K edges to 

probe the oxidation state of Ru ions. The XANES measurements have been carried out at the Energy-Scanning 
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EXAFS beamline (BL-9) at the Indus-2 Synchrotron Source (2.5 GeV, 200 mA) at Raja Ramanna Centre for 

Advanced Technology (RRCAT), Indore, India.53-54 For the transmission measurement, three ionization chambers 

(300 mm length each) have been used for data collection, one ionization chamber for measuring the incident flux 

(I0), the second one for measuring the transmitted flux (It) and the third ionization chamber for measuring the 

spectrum of a reference metal foil for energy calibration. Appropriate gas pressure and gas mixtures have been 

chosen to achieve 10-20% absorption in the first ionization chamber and 70-90% absorption in the second 

ionization chamber to improve the signal to noise ratio.  

DC magnetization (M) was measured as a function of temperature (2 K ≤ T ≤ 850 K) and magnetic field 

(−9 T ≤ H ≤ +9 T) using the vibrating sample magnetometer (VSM) attachment to the Physical Property 

Measurement System (PPMS, Quantum Design). For the high temperature (T ≥ 400 K) measurements, a high-T 

oven attachment to VSM was used. The dc resistivity (ρ) was measured as a function of temperature on a small 

rectangular pellet in the PPMS using the standard four-probe technique. 
57Fe-Mössbauer spectra of three compounds were collected from 5.5 up to 315 K using a standard WissEl 

spectrometer operated in the constant acceleration mode (57Co/Rh source) and a Janis SHI 850-5 closed-cycle 

refrigerator. The compound powders were mixed with boron nitride and homogeneously distributed in an acrylic 

glass sample container (~10 mg Fe/cm2). All isomer shifts are given relative to α iron. The data were evaluated 

with the MossWinn program using the thin absorber approximation.55 

 

3. Results and Discussion 

3.1. Crystal Structure 

The crystal structures of the mixed series Ca2−xLaxFeRuO6 were investigated by powder x-ray diffraction 

(PXRD) at room temperature and neutron powder diffraction (NPD) at 3 K. Compared to Ca2FeRuO6, it was 

found that the La-containing compounds also crystallize in the orthorhombic structure with the space group Pbnm 

which verifies the random ordering of Fe and Ru atoms at the octahedral B site in the present perovskites. Further, 

no additional peak splitting could be observed indicating the absence of a lower symmetric monoclinic structure. 

Both, Fe and Ru atoms statistically occupy the Wyckoff position 4b(½,0,0). The Ca and O1 atoms are located at 

the Wyckoff position 4c(x,y,¼), while the O2 atoms are located at the position 8d(x,y,z). The shifting of the 

diffraction peaks to lower scattering angles from Ca1.5La0.5FeRuO6 to La2FeRuO6 reflects the successive Ca2+ 

substitution by the larger La3+ions. It is resulted the continuous increase of the lattice parameters and the cell 

volume (Fig. 2). The crystal structure parameters were refined by Rietveld analysis using NPD data collected at 

3 K as shown in Fig. 1. All refined structural parameters and residuals RF are listed in Table 1. The average bond 

length dav(B-O) in the BO6 octahedra, where the Fe and Ru atoms are statistically distributed, shows a significant 

increase from 1.972(2) to 2.018(11) Å if Ca is replaced by La (Fig. 2). Further it is pointed out that the averaged 

bond angle ∠(B-O-B) is increasing form 152.4(2) to 156.4(3)° with increasing La content which may influence 

the strength of the exchange interactions and thus for the magnetic properties. 

The chemical formula of the end members of the system Ca2−xLaxFeRuO6 can be given in detail as 

Ca2
4+[Fe3+Ru5+O6

12−]4− and La2
6+[Fe3+Ru3+O6

12−]6−.56 Our Mössbauer measurements (described below) confirmed 

that the charge of the iron ions remains 3+ for all the studied compounds. Accordingly, an ionic radius r(Fe3+) = 
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0.615 Å and a typical bond length d(Fe3+-O2−) = 2.015 Å is expected and it can be concluded that only the charge 

of ruthenium is changing, which is finally the cause of the increase in bond distance by ∆dav(B-O) = 0.050 Å. 

Using the ionic radii given by Shannon [d(Ru3+) = 0.68 Å, d(Ru4+) = 0.62 Å, d(Ru5+) = 0.565 Å, d(O2−) = 1.40 Å] 

the expected bond lengths are the following: d(Ru3+-O2−) = 2.08 Å, d(Ru4+-O2−) = 2.02 Å, and d(Ru5+-O2−) = 1.965 

Å.57 Then the averaged expected bond lengths are d(Fe3+/Ru3+-O2−) = 2.048 Å, d(Fe3+/Ru4+-O2−) = 2.018 Å, and 

d(Fe3+/Ru5+-O2−) = 1.990 Å. For Ca2FeRuO6 the determined dav(T-O) = 1.980(9) Å is close to the expected 

averaged value d(Fe3+/Ru5+-O2−) = 1.990Å. This clearly indicates that ruthenium exists in Ca2FeRuO6 as Ru5+. As 

already mentioned above, for stoichiometric La2FeRuO6 it is expected that ruthenium exists as Ru3+. However, 

the observed bond distance d(B-O2−) = 2.018 Å is somewhat smaller than the expected value d(Fe3+/Ru3+-O2−) = 

2.048 Å, and is in perfect agreement with d(Ru4+-O2−) = 2.018 Å. A predominant Ru4+ oxidation state in 

La2FeRuO6 is also consistent with our XANES study (shown later). This suggests that the charge balance rather 

may involve creation of cation vacancies. In fact, samples of La2FeRuO6 which were synthesized earlier by 

heating in Ar or N2 atmosphere, were found to be non-stoichiometric having the compositions as La2FeRuO6.30 

and La2FeRuO6.12, respectively.56 It was pointed out that the perovskite structure cannot accept excess oxygen and 

thus rather cation vacancies, possibly mainly on the La sites, are created. Accordingly, we tried to refine the La 

occupancies within the Rietveld analysis of the NPD data, but were unable to verify a significant La deficiency in 

La2FeRuO6. In our crystal structure refinements the ratio occ(La)/occ(O) reaches practically a value of 2. The 

present sample was prepared by annealing in air and thus, the average Ru oxidation state should be even higher 

than the Ru oxidation states for the earlier reported samples.56 This is in agreement with the smaller unit cell 

volume of the present samples compared to the volumes of the previous samples (245.24 Å3 vs 246.97 Å3). Mixed 

cation deficiency on both, the La and Ru sites was reported for the nominal Ru3+ perovskite LaRuO3 which was 

prepared in N2 atmosphere.57 In the present materials, the simultaneous presence of cation disorder and possible 

non-stoichiometry at both the La and the transition metal sites may render an unambiguous determination of their 

composition from the NPD difficult.  

 

3.2. X-ray Absorption Spectroscopy 

X-ray Absorption Spectroscopy (XAS) measurements, comprising of both X-ray Absorption Near Edge 

Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS) techniques, have been carried out 

at room temperature in transmission mode at Ru-K edge to derive the Ru-oxidation states and to unravel the local 

structure. The oxidation state of Ru is calculated using the empirical method described by Vitova et al. for Ru 

based perovskites.58 The peak position in the derivative spectrum (Fig. 3) is obtained from Gaussian fits to the 

experimental curve. A linear fit is performed for correlating the oxidation states of reference samples and energy 

shifts (∆E) with respect to metallic Ru (Fig. 4). Using a linear function between the oxidation state and the shift 

of the Ru-K edge (∆E), the mean oxidation state n of Run+ was calculated for the three Ca2−xLaxFeRuO6 compounds 

studied here and summarized in Table 2. It is obvious that the mean oxidation state of Ru decreases with increasing 

La content, but for La2FeRuO6 it is much larger than the nominal value of +3 expected for stoichiometric 

La2FeRuO6. The reference compounds used for the analysis include metals as well as insulators. Referring to Fig. 

4(b) it is seen that the oxidation states of the insulators RuCl3 and Ca2FeRuO6 having well-defined oxidation states 

of +3 and +5, respectively, are somewhat underestimated by the linear function. This suggests that also the values 
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of the oxidation state of the Ca1.5La0.5FeRuO6 may also be enhanced by about 0.2. In any case it is evident that 

the difference between the expected Ru oxidation states for the stoichiometric compound and that of the actual 

compound increases with increasing La content which suggests an increasing degree of non-stoichiometry or the 

presence of small impurity of amorphous La2O3.56  

The local structure around the absorbing atom is obtained from the quantitative analysis of EXAFS 

spectra.59 The Fourier transform EXAFS spectra [χ(R) vs R] at the Ru-K edge are shown in Fig. 5 along with best 

fitting results. The fitting is carried out for first coordination shell using a single Ru-O scattering path. The bond 

lengths R, coordination number N and disorder factor (σ2) are used as fitting parameters. The fitting results are 

shown in Table 3. Fig. 5 shows the enlarged portion of the first coordination peak at ~1.5 Å. The position of the 

peak is indicative for bond length and the amplitude of the peak is related with oxygen coordination number in 

the first coordination shell. The maximum amplitude is obtained for Ca2FeRuO6 at relatively lower distance, 

however the minimum peak amplitude is observed for La2FeRuO6 at relatively larger distance. The bond lengths 

obtained from the fittings (Table 3) are in good agreement with those obtained from XRD while the coordination 

numbers show large errors. A decreased N for the compounds with large La contents could suggest oxygen 

deficiency which is, however, not confirmed by the neutron data.  

 

3.3. DC Magnetization 

The temperature dependent molar magnetic susceptibility χm(T) curves for all compounds were 

calculated assuming nominal stoichiometries and are shown in Fig. 6.  Zero-field cooled (ZFC) and field-cooled 

(FC) curves show a clear divergence for Ca1.5La0.5FeRuO6 and CaLaFeRuO6 in the temperature range from 250 

to 300 K. The ZFC and FC curves have similar shapes for the two compounds, with a maximum at a certain 

temperature Tm′ in the ZFC curve and strong increase below ~250 K in the FC curves. For La2FeRuO6, there is no 

deviation between ZFC and FC curves and a broad hump is present in both curves at around 320 K indicating 

long-range antiferromagnetic ordering. In all the compounds, iron is expected to be in the ionic state of Fe3+ (d5; 

S = 5/2), but the average Ru-oxidation states decreases in the series as suggested by the structural and XANES 

data. The inverse susceptibility curves χm
−1(T) show curvature over extended temperature ranges. The combined 

neutron and Mössbauer studies described below suggest that the susceptibility curves reflect an inhomogeneous 

magnetic behavior where magnetic correlations persist up to high temperatures. Therefore, Curie-Weiss analysis 

of the data is not meaningful. The statistic mixture of Ca-La and of Fe-Ru ions together with non-stoichiometry 

effects induces a complicated balance of superexchange interactions which also may generate weak ferromagnetic 

interactions.60 Note that the magnetic properties of the present La2ReRuO6 sample differ completely from those 

of previous materials which were prepared under reducing conditions and reported to be spin glasses.56     

In order to further characterize the nature of the magnetic states, magnetic isotherm (M vs H) data were 

measured at different temperatures (Fig. 7). The linear magnetization curves above room temperature for all 

compounds are indicating either the paramagnetic regime or antiferromagnetic order. In Ca1.5La0.5FeRuO6 and 

CaLaFeRuO6, the presence of hysteresis loops at lower temperatures suggests weak ferromagnetic components in 

the magnetic response of both compounds, but without any saturation up to 9 T. Considering that the Mössbauer 

spectra (see below) evidence magnetic order at room temperature it is concluded that La2FeRuO6 is AFM due to 

the presence of a linear magnetization curve up to 380 K. The weak ferromagnetic components in 

Ca1.5La0.5FeRuO6 and CaLaFeRuO6 give rise to small remanent magnetization values of 0.026 μB and 0.031 μB for 
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Ca1.5La0.5FeRuO6 and CaLaFeRuO6, respectively. Incomplete compensation of moments and/or spin canting may 

be the origin for this observation.  

 

3.4. Magnetic Structure 

In order to investigate the magnetic order of Ca1.5La0.5FeRuO6, CaLaFeRuO6 and La2FeRuO6, we have 

collected neutron powder patterns on the instrument E6 from 3 to 570 K. As found earlier for Ca2FeRuO6 the 

strongest magnetic intensity was observed at the position of the reflection pair 101/011 (Fig. 8). For the Fe and 

Ru atoms in the position 4b(½,0,0; ½,0,½; 0,½,0; 0,½,0) magnetic intensity could be generated with a G-type 

model, where the spin sequence is + − − +. We have shown previously that the magnetic moments in Ca2FeRuO6 

are aligned parallel to the c axis.46 The same type of ordering was found for the present compounds 

Ca1.5La0.5FeRuO6, CaLaFeRuO6 and La2FeRuO6, but for the compound with higher La content it was difficult to 

determine precisely the moment direction due to the reduction of the lattice distortions. In Fig. 2 it is seen that the 

b parameter is somewhat larger than a and c/√2. This allowed us to exclude a magnetic ordering, where the 

moments are aligned parallel to the b axis. On the other hand, the instrumental resolution is not sufficient to 

distinguish between a moment direction parallel a or c. But due to the fact that the magnetic patterns of all 

compounds are very similar we assumed that the moments are aligned parallel to the c axis. With this model the 

magnetic moments were determined by Rietveld refinements resulting in satisfactory residuals (defined as RM = 

∑||Iobs| − |Icalc||/∑|Iobs|) between 0.047 and 0.055. From the data sets collected at 3 K the following magnetic 

moments have been determined: μexp = 2.25(3) μB (Ca1.5La0.5FeRuO6), μexp = 2.41(3) μB (CaLaFeRuO6), μexp = 

2.74(3) μB (La2FeRuO6). Here it is interesting to see that the ordered magnetic moment at the Fe/Ru site seems to 

become larger with increasing La content. But on the other hand, the end member Ca2FeRuO6 reaches a moment 

μexp = 2.66(2) μB, which is similar to the value of the other end member La2FeRuO6. This shows that there is no 

systematic change in the moments, despite the fact that the charge of the ruthenium ions changes from +5 to a 

value of about +4. Further, the reduced moment of the Ca-La mixed compounds may be ascribed to their stronger 

disordered character. In the next step we tried to estimate the magnetic moment of the Run+ ions. For the free Fe3+ 

ion, which is in the d5 state, a theoretical magnetic moment of 5.0 μB is expected. On the other hand, it is known 

for other ternary iron oxides that the experimental magnetic moment of the Fe3+ ion is found to be considerably 

reduced: μexp = 3.55(5) μB in Sr4Fe4O11, μexp = 3.5(1) μB in CaFeO3, and μexp = 3.34(7) μB in Sr2FeOsO6.31, 61-65 

Thus for the system CaxLa2−xFeRuO6, one can expect for the Fe3+ ion a moment of μexp = 3.5μB. Due to the fact 

that the occupancy of Fe on the B site is 0.5 one obtains a moment of 1.75μB due to Fe3+. Therefore, it can be 

estimated that the Run+ ions carry a moment of about 1 μB. 

The temperature dependence of the magnetic moment of Ca1.5La0.5FeRuO6, CaLaFeRuO6, and 

La2FeRuO6 is shown in Fig. 9. Long-range magnetic ordering sets in at 275 K (Ca1.5La0.5FeRuO6), 435 K 

(CaLaFeRuO6), and 570 K (La2FeRuO6), respectively. The increase in the ordering temperature can be partly 

attributed to a decrease in the structural distortion (increasing average B-O-B angle) and a concomitant 

strengthening of the Fe/Ru-O-Fe/Ru exchange interactions with increasing La content. On the other hand, the 

average Ru-charge state is changed within the series and it is likely that the complex balance of exchange 

interactions in the disordered DP’s 16, 46 is varied due to the replacement of Ru5+ (t2g
3) by Ru4+ (t2g

4) or Ru3+ (t2g
5) 

ions. This clue is consistent with the corresponding decrease of the ferromagnetic component in the M(H) data, 

which vanishes in La2FeRuO6 (Fig. 7). Together with the high ordering temperature this may indicate the 
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dominance of the strong AFM interactions between the Fe3+ (t2g
3eg

2) ions in La2FeRuO6. The m(T) curves are quite 

gradual showing an inflection for x = 0.5 and 2.0 and a plateau for x = 1 which indicates an inhomogeneous 

magnetic state on the microscale, in agreement with the Mössbauer studies described in the following. 

 

3.5. Mössbauer Spectroscopy 
Mössbauer spectra of the Ca2−xLaxFeRuO6 compounds with x = 0.5, 1, and 2 are shown in Fig. 10. Similar 

as for Ca2FeRuO6,46 the spectra show broad magnetic hyperfine patterns which are typical for inhomogeneous 

magnetic systems. The magnetic hyperfine patterns were described by hyperfine field (Bhf) distributions which 

were extracted according to the model-independent Hesse-Rübartsch method. Most remarkably, the low- 

temperature spectra show very similar hyperfine patterns for all three compounds with an identical isomer shift 

of 0.49 mm/s and hyperfine fields around 50 T. The spectra demonstrate unambiguously that the Fe ions are in 

the +3 high-spin states in all these compounds which are in agreement with previous room temperature Mössbauer 

spectra65 and verifies that any valence changes due to substitution of Ca2+ by La3+ ions must be associated with 

the Ru ions. This is in contrast to manganese-based disordered DP’s Ca2-xSrxMnRuO6
49 where mixed valency 

occurs on both transition metal sites. For all three compounds the Fe moments are fully ordered at base temperature 

(~ 5 K). The peak hyperfine field of the Bhf distribution increases continuously with increasing La content from 

48 T for x = 0 to 53 T for x = 2, suggesting that the local moments at the Fe sites slightly increase with the La 

content. The spectra of the compounds with x = 0.5 and 1 show a partial collapse of the hyperfine patterns between 

100 and 150 K and between 150 and 200 K, respectively, and somewhat broadened quadrupole doublets appeared 

inthe spectra at T ≥ 150 K for x = 0.5 and T ≥ 200 K for x = 1, indicating that the compounds partly have 

transformed to the paramagnetic state. Accordingly, the maxima in the respective ZFC magnetic susceptibility 

curves at Tm′ =120 and 170 K (Fig. 6) can be assigned to antiferromagnetic ordering of a significant fraction of 

the iron sites (doublet area fractions of ~43% for x = 0.5 at 150 K and ~55% for x = 1 at 200 K). However, the 

transition to the paramagnetic state is not complete above Tm′ and broad magnetic hyperfine structures are 

superimposed to the quadrupole doublets even in the spectra at 250 and 290 K for x = 0.5 and 1, respectively. 

These results compare well with the neutron diffraction data which still show magnetic Bragg reflections in this 

temperature range and indicate that the magnetic ordering vanishes completely near 275 K for x = 0.5 and 435 K 

for x = 1. Both, the neutron diffraction and the Mössbauer data show that there is no sharp magnetic ordering 

transition, but a sluggish loss of magnetic ordering. The magnetic inhomogeneity is the consequence of the 

variation in the local environment of the magnetic ions and thus in the exchange interactions which also explains 

the absence of a clear feature in the magnetic susceptibility data reflecting well-defined onset of magnetic 

ordering. Thus, the Mössbauer spectra show that the magnetic ordering process extends over a broad temperature 

range. A major fraction of the compound ordersin a relatively narrow temperature range below 150 and 200 K for 

x = 0.5 and 1, respectively, whereas the remaining part orders at higher temperatures.  

A similar behavior, albeit at considerably higher temperatures, is found for La2FeRuO6. The magnetic 

susceptibility curve shows a maximum near 300 K. The Mössbauer spectra reveal that the majority of the 

compound is still magnetically ordered at 315 K but a sharp feature in the center of the spectrum indicates an 

inward collapse which suggests that part of the compound approaches already the paramagnetic state. Such a 

feature is already discernible in the 200 K spectra. All together these data show that due to Fe-Ru disorder and 
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variation in Ru charge, the magnetic state in La2FeRuO6 is very inhomogeneous with a broad distribution of 

ordering temperatures. 

 

3.6. Transport Properties 

The temperature dependent electrical resistivity ρ(T) measurements were performed at zero field by adopting 

the conventional four-probe method. The ρ vs T curves for all the three compounds are shown in the upper panel 

of Fig. 11. With decreasing temperature all the three compounds show a rapid increase in ρ, suggesting that the 

ground state is insulating in nature. Below 50 K, ρ (T) exceeded the measurable limit of the instrument and hence 

could not be measured. To extract the activation energy, the temperature dependent conductivity (σ = 1/ρ) data 

were fitted by the Arrhenius transport relation 

σ = σ0 exp (−∆/kBT).               (3) 

Here, σ0 is the proportionality constant, ∆ is the activation energy, and kB is the Boltzmann constant. In the inset 

of the upper panel of Fig. 11, ln σ vs 1/T is plotted. It shows a nearly linear behaviour in the high temperature 

region and deviates significantly from linearity at low temperatures. A straight line fit in the high temperature 

range regime 200 K ≤ T ≤ 300 K, 170 K ≤ T ≤ 300 K, and 178 K ≤ T ≤ 300 K for La2FeRuO6, CaLaFeRuO6, and 

Ca1.5La0.5FeRuO6 yields ∆ ≃ 0.15 eV, 0.11 eV, and 0.09 eV, respectively. The increase in activation energy from 

0.09 to 0.15 eV indicates that La doping at the Ca site effectively enhances the band gap, thereby decreasing the 

conductivity. 

It is generally observed that in real materials, the simple Arrhenius equation is not adequate to describe 

the transport properties at low temperatures. According to Mott and Davis, the low-temperature transport can be 

described by the three-dimensional variable range hopping (VRH) mechanism which can be defined by the 

equation (4) 

σ (T) = σ1 exp [−(T0/T)1/4]        (4) 

Here, σ1 and T0 are constants. T0 can be written as T0 = 24/[πkB N(EF)ξ3], where N(EF) is the density of states at the 

Fermi level and ξ is the decay length of the localized spin wave function. As shown in the lower panel of Fig. 9, 

our ln σ vs T−1/4 plots for all three compounds show almost linear behaviour over the whole measured temperature 

range. The corresponding straight line fit resulted σ1≃ 8.3×1010 Scm−1 and T0 ≃ 1.5×108 K for La2FeRuO6, σ1≃ 

1.23×1011 Scm−1 and T0 ≃ 8.4×107 K for CaLaFeRuO6, and σ1≃ 5.25×109 Scm−1and T0 ≃ 5.1×107 K for 

Ca1.5La0.5FeRuO6. This clearly supports the fact that at low temperatures, conduction is taking place by a hopping 

mechanism in the vicinity of the Fermi energy.  Evidence of VRH mechanism was also found previously in several 

other double-perovskite materials.29, 66-68 

 

4. Conclusions 

The structural, magnetic, and transport properties of three disordered La-based double perovskites of the 

system Ca2−xLaxFeRuO6 (0.5 ≤ x ≤ 2) were thoroughly investigated by several techniques. The crystal structures 

are found to have orthorhombic symmetry with the space group Pbnm. All the compounds are atomically 

disordered at the B-site and magnetically ordered. Mössbauer spectra show that Fe is always in 3+ oxidation state, 

whereas XANES data evidence that the Ru ions are present in mixed Ru3+/Ru4+/Ru5+ oxidation states. The highest 

Ru4+ fraction is found for La2FeRuO6, but there is no evidence for Ru3+ expected for stoichiometric La2FeRuO6, 
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which suggests the presence of cation vacancies. The analysis of the neutron diffraction data reveals that the 

investigated double perovskites show an antiferromagnetic G-type ordering, and Mössbauer spectroscopy reveals 

large microscale inhomogeneity of the magnetic states reflecting local variations in the exchange interactions. An 

increasing degree of La substitution leads to a drastic increase in the magnetic ordering temperature from 220 K 

in Ca2FeRuO6 to 570 K in La2FeRuO6. The complex balance of superexchange interactions between the magnetic 

B ions is altered in these disordered DP’s due to the structural and Ru valence changes caused by the substitution 

of Ca2+ by larger La3+ cations at the A site. Resistivity data show that with increasing La content, the activation 

energy for the electron transport increases and suggest a variable range hopping transport mechanism. The present 

system is an example for the realization of high magnetic ordering temperatures in atomically disordered 3d/4d 

double perovskites. 
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Table 1. Results of the crystal structure refinements of Ca1.5La0.5FeRuO6, CaLaFeRuO6 and La2FeRuO6 obtained 

from x-ray and neutron powder data. For the sake of completeness, the data of Ca2FeRuO6, given in Ref. [46], are 

also presented. The refinements of the data sets were carried out in the orthorhombic space group Pbnm, where 

both Fe and Ru statistically occupy the Wyckoff position 4b(½,0,0). The Ca and O1 atoms are located at the 

Wyckoff position 4c(x,y,¼), while the O2 atoms are located at the position 8d(x,y,z). The residual RF is defined 

as RF = ∑||Fobs| − |Fcalc||/∑|Fobs|). The equatorial (deq) and apical bond lengths (dap), the averaged bond lengths (dav) 

of the TO6 octahedra (T = Fe, Ru) as well as Bond Valence Sum (BVS) are also listed. The bond distances are 

given for the atoms located at the following positions:B in (0,½,0), O2 in (x−1,y,z), O2΄ in (x−½,½−y,−z). 

 

 Ca2FeRuO6  Ca1.5La0.5FeRuO6  CaLaFeRuO6  La2FeRuO6  

T [K] / radiation 298 / x-ray 3 / neutron 298 / x-ray 3 / neutron 298 / x-ray 3 / neutron 298 / x-ray 3 / neutron 

a [Å] 5.3995 (3) 5.3849(4) 5.4421(3) 5.4253(5) 5.4845(3) 5.4713(5) 5.5706(1) 5.5672(6) 

b [Å] 5.4756 (3) 5.4703(5) 5.5112(3) 5.5096(6) 5.5369(3) 5.5354(5) 5.5893(1) 5.5913(6) 

c [Å] 7.6714(4) 7.6520(6) 7.7278(4) 7.7124(8) 7.7806(3) 7.7666(7) 7.8764(2) 7.8698(8) 

V [Å3] 226.81(2) 225.40(3) 231.78(2) 230.53(4) 236.27(2) 235.22(4) 245.24(1) 244.97(4) 

x(Ca/La) 0.9942(13)  0.9876(13) 0.9939 (8) 0.9889(13) 0.9945 (6) 0.9889(13) 0.9962(6)  0.9923(14) 

y(Ca/La) 0.0431(5) 0.0424(5) 0.0366(3) 0.0406(5) 0.03468(19) 0.0392(5) 0.0433(3) 0.0362(5) 

x(O1) 0.066 (2) 0.0845(7) 0.0751(18) 0.0802(10) 0.0689(20) 0.0808(11) 0.064(2) 0.0717(14) 

y(O1) 0.4790 (18) 0.4768(6) 0.4840(14) 0.4800(9) 0.4805(11) 0.4799(10) 0.4978(14) 0.4852(11) 

x(O2) 0.7009 (20) 0.7080(4) 0.7153(18) 0.7060(7) 0.7107(12) 0.7073(7) 0.7128(16) 0.7170(8) 

y(O2) 0.2962 (18) 0.2953(4) 0.2815(15) 0.2918(6) 0.2878 (11) 0.2907(7) 0.278 (2) 0.2874(8) 

z(O1) 0.0465 (10) 0.0432(3) 0.0477(9) 0.0421(5) 0.0449(9) 0.0426(5) 0.0452(10) 0.0443(6) 

B(Ca/La) [Å2] 0.63 (7) 0.51(5) 0.77 (6) 0.40(5) 0.61 (6) 0.37(5) 0.52 (3) 0.52(5) 

B(O1) [Å2] 0.47 (4) 0.26(2) 0.54 (9) 0.29(3) 2.74 (4) 0.29(3) 0.87 (12) 0.27(3) 

B(O2) [Å2] 0.31 (2) 0.45(2) 0.81 (10) 0.47(3) 0.94 (7) 0.63(3) 0.63 (5) 0.64(4) 

RF 0.0195 0.0256 0.0141 0.0340 0.0156 0.0371 0.0262 0.0337 

d1,eq(B-O2) [Å] 1.995(10) 1.957(2) 1.996(7) 1.991(3) 2.005(6) 2.004(4) 2.054(9) 2.004(5) 

d2,eq(B-O2΄) [Å] 1.983(10) 1.991(2) 1.978(7) 1.985(3) 1.999(6) 1.996(4) 1.986(10) 2.040(5) 

d3,ap(B-O1) [Å] 1.954(2) 1.968(9)  1.976(2) 1.980(1) 1.984(2) 1.994(1) 2.002(2) 2.009(2) 

dav(B-O) [Å] 1.977(3) 1.972(2) 1.983(6) 1.985(8) 1.995(6) 1.998(9) 2.014(3) 2.018(11) 

∠(B-O1-B) [°] 150.2(5) 152.3(2) 153.8(3) 153.8(3) 153.3(3) 153.6(3) 157.8(1) 156.6(4) 

∠(B-O2-B) [°] 153.2(2) 152.4(2) 154.8(3) 153.2(2) 155.5(1) 154.6(2) 159.4(1) 157.1(1) 

BVS         

Fe 3.32  3.26  3.15  3.03  

Ru 4.86  4.77  3.84  3.61  
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Table 2. Oxidation state of Ru in reference materials and the energy shift of the Ru-K edge with respect to that of 

metal Ru.  

Sample ∆ E Oxidation state 

Ru metal 0 ± 0.21 0 

RuCl3 8.42 ± 0.12 3 

RuO2 13.39 ± 0.28 4 

SrRuO3 12.98 ± 0.39 4 

Ca2FeRuO6 14.60 ± 0.16 5 

Ca1.5La0.5FeRuO6 13.25 ± 0.15 4.32* 

CaLaFeRuO6 12.42 ± 0.17 4.01* 

La2FeRuO6  11.46 ± 0.28 3.68* 

        * Calculated oxidation states using linear function. 

 

 

Table 3. Local structural parameters obtained from the EXAFS fitting. 

Path Parameter Ca2FeRuO6 Ca1.5La0.5FeRuO6 CaLaFeRuO6 La2FeRuO6 

Ru-O R (Å) 1.96 ± 0.01 1.97 ± 0.01 1.99 ± 0.01 2.02 ± 0.01 

 N 5.99 ± 0.25 5.90 ± 0.53 5.09 ± 0.81 5.32 ± 0.49 

 σ2 0.0043 ± 0.0013 0.0045 ±  0.0008 0.0025 ±  0.0015 0.0057 ± 0.0012 

 

 

Table 4. Observed ordering temperature for the three compounds. Tm represents the onset temperature for 

magnetic ordering from NPD data and Tm′ represents the maxima in the ZFC dc magnetic measurement.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Compounds Tm(K) Tm′(K) 

Ca1.5La0.5FeRuO6 275 120 

CaLaFeRuO6 435 170 

La2FeRuO6 570 300 
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Fig. 1. Results of the Rietveld refinements of the neutron powder diffraction data of Ca1.5La0.5FeRuO6, 

CaLaFeRuO6 and La2FeRuO6 collected 3 K on the instrument E9 (λ = 1.309 Å). The crystal structure of these 

compounds was refined in the orthorhombic space group Pbnm. The calculated patterns (red) are compared with 

the observed ones (black circles). The difference patterns (blue) as well as the positions (black bars) of the nuclear 

Bragg reflections are also shown. The reflection pair 101/011 is of almost purely magnetic origin for all 

compounds. No satisfactory peak-profile refinements could be obtained for all samples using a Pseudo-Voigt 

function. This may be ascribed to the presence of strain effects and inhomogeneities in the disordered powder 

samples. The fit could not be improved by using different strain-size models.  
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Fig. 2.Variation of the lattice parameters in the system Ca2−xLaxFeRuO6 at 3 K as determined from neutron 

diffraction data. In the lower part of the figure, the change of average bond lengths d(B-O) in the BO6 octahedra 

(B = Fe, Ru) is shown. The transition metal site, located at the Wyckoff position 4b, is statistically occupied with 

Fe and Ru atoms. 
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Fig. 3. Normalised XANES spectra at the Ru-K edge for all three compounds along with reference spectra. 

 
 

 

Fig. 4.  (a) Derivative spectra of normalised XANES and (b) oxidation state of Ru in reference materials Vs the 
shift of the Ru-K edge with respect to that of metal Ru. The solid line represents a linear fit to the data points of 
reference materials. 
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Fig. 5.  Fourier transformed EXAFS spectra at Ru-K edge. The experimental spectrum is represented by Scatter 
points and theoretical fit is represented by Solid line. The spectrum is vertically shifted for better representation. 
The inset shows the enlarge view of first coordination peak without vertical shift. 
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(a)                                                         (b) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

        

 

                                                                                                      (c) 
 

Fig. 6. ZFC and FC susceptibilities vs T measured for (a) Ca1.5La0.5FeRuO6, (b) CaLaFeRuO6, and (c) La2FeRuO6. 

Note that the high temperature FC susceptibility is also measured for finding any possible secondary transition of 

La2FeRuO6 (Inset of Figure c).  
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Fig. 7. Isothermal magnetization (M vs H) measured at different temperatures for Ca1.5La0.5FeRuO6, 

CaLaFeRuO6 and La2FeRuO6. 
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Fig. 8. Neutron powder patterns of Ca2−xLaxFeRuO6 (x = 0.5, 1.0, and 2.0) taken on instrument E6 (λ = 2.43 Å) at 

3 K. The calculated patterns of the pure nuclear contribution (blue) as well as the sum of the nuclear and the 

magnetic contributions (red) are compared with the observed ones (black circles). The strongest magnetic intensity 

appears at the positions of the reflection pair 101 and 011 indicating the presence of a G-type spin ordering. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Temperature dependence of the average magnetic moments of the B-site atoms at the Wyckoff position 4b 

which is statistically occupied with Fe and Ru atoms. Long-range magnetic ordering sets in at 275 K 

(Ca1.5La0.5FeRuO6), 435 K (CaLaFeRuO6), and 570 K (La2FeRuO6), respectively. 
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Fig. 10. 57Fe Mössbauer spectra of the three compounds measured at the indicated temperatures. Dots correspond 

to the experimental data, full lines to the calculated spectra and subspectra. Note that iron is in the Fe3+ state for 

all the three compounds. 
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Fig. 11. Upper panel: Temperaturedependent electrical resistivity (ρ) of Ca1.5La0.5FeRuO6, CaLaFeRuO6, and. 

La2FeRuO6, Inset: ln σ vs 1/T plot for all the three compounds. The solid lines are the linear fits using Eq. (3). 

Lower panel: ln σ vs T−1/4 plots for Ca1.5La0.5FeRuO6, CaLaFeRuO6, and La2FeRuO6. The solid lines are the linear 

fits assuming that the conductivity obeys the VRH transport mechanism. 

 


