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Abstract 

Polycrystalline samples of CaLa2FeCoSbO9 and ALa2FeNiSbO9 (A=Ca, Sr, Ba) have been 

prepared in solid-state reactions and studied by a combination of transmission electron 

microscopy, magnetometry, X-ray diffraction, neutron diffraction and Mössbauer 

spectroscopy. Diffraction and TEM showed that each shows 1:1 B-site ordering in which 

Co2+/Ni2+ and Sb5+ tend to occupy two distinct crystallographic sites while Fe3+ is distributed 

over both sites. While X-ray and neutron diffraction agreed that all four compositions are 

monophasic with space group P21/n, TEM revealed different levels of compositional 

inhomogeneity at the subcrystal scale, which, in the case of BaLa2FeNiSbO9, leads to the 

occurrence of both a P21/n and an I2/m phase. Magnetometry and neutron diffraction show 

that these perovskites are ferrimagnets with a G-type magnetic structure. Their relatively low 

magnetisation can be attributed to their inhomogeneity. This work demonstrates the 

importance of studying the microstructure of complex compositions. 
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1. Introduction 

The variety of technologically-important physical properties exhibited by pseudo-

cubic, perovskite-related ABO3 oxides has made them the most widely studied materials in 

solid-state chemistry [1]. The diversity of their properties largely stems from the ability of the 

structure to accommodate an extensive range of chemical compositions, an ability that is 

itself facilitated by the ease with which the network of vertex-sharing anion octahedra can 

rotate and, if necessary, distort to meet the different coordination requirements of a wide 

range of d-block and p-block elements, B, that are found on the six-coordinate sites within 

them. The s-block or f-block cation A, which occupies a 12-coordinate site in an undistorted, 

cubic perovskite is always larger than B; their relative size determines the degree of rotation 

that the anion octahedra must undergo in order to stabilise the compound in the perovskite 

structure. These rotations reduce the symmetry of the structure to tetragonal or lower. 

One of the strategies that has been used to control the physical properties of the 

material is partial cation substitution. The substitution can take place at the A-site, the B-site 

or both, resulting in more complex formulae, for example, AA’BB’O6 and A2A’B2B’O9 [2], 

[3]. It is possible for the different cation species on the A-and B-sites to occupy their 

respective site in either an ordered or disordered manner. Cation-ordering is most likely to 

occur when there is a significant difference in size and charge between the cation species. It 

is more common at the B-site than the A-site and it plays an important role in determining, 

for example, the magnetic properties of perovskites. 

We have previously reported the synthesis and characterisation of SrLa2FeCoSbO9, a 

perovskite-related compound that displays a novel cation-ordering pattern over the B-sites 

[4]. It adopts a monoclinic crystal structure with two crystallographically-distinct, six-

coordinate sites; one of these is occupied by ⅔ Co2+, ⅓ Fe3+ and the other by ⅔ Sb5+, ⅓ Fe3+. 

The imbalance in the distribution of the magnetic cations results in strong ferrimagnetism 

below the Curie temperature of ~215 K. In a continuation of this research, we have now 

characterised CaLa2FeCoSbO9 and the nickel-containing series ALa2FeNiSbO9 (A=Ca, Sr, 

Ba). These compositions might be expected to show a similar B-site ordering pattern to that 

observed in SrLa2FeCoSbO9 and, consequently, to be ferrimagnetic below a relatively high 

Curie temperature. We describe below an investigation of these compounds using a 

combination of X-ray diffraction, neutron diffraction, transmission electron microscopy, and, 

in one case, Mössbauer spectroscopy. Our results reveal an unexpected level of complexity in 

the crystal structures of these four compounds and the consequences of that complexity for 

their magnetic properties are discussed. 
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2. Experimental  

A polycrystalline sample of CaLa2FeCoSbO9 was prepared using the standard ceramic 

method. CaCO3, La2O3, Fe2O3, Co3O4 and Sb2O5 (purity >99.95%) were weighed out in the 

appropriate stoichiometric ratio and ground together in an agate mortar for 30 minutes to give 

a homogeneous mixture. La2O3 was heated at 800 °C for 24 hours prior to use to ensure it 

was completely dry. The mixture was then loaded into an alumina crucible and fired at 800 

°C for 24 h. It was then quenched to room temperature, reground and pressed into a pellet 

which was fired in air at 1300 °C for 48 hours and subsequently annealed at 1300 °C for 

another 48 hours after further grinding. Finally, the furnace was allowed to cool to 800 °C 

and then the sample was quenched to room temperature. Polycrystalline samples of 

ALa2FeNiSbO9 (A=Ca, Sr, Ba) were prepared under the same conditions with starting 

materials of ACO3 (A=Ca, Sr, Ba), La2O3, Fe2O3, NiO and Sb2O5 (purity >99.95%) in the 

appropriate stoichiometric ratio.  

The brown-black reaction products were initially characterised by X-ray powder 

diffraction (XRPD) using Cu Kα1 radiation. The data, collected at room temperature on a 

Panalytical X’Pert diffractometer, were analysed using the Rietveld method [5] as 

implemented in the GSAS [6] program package. 

Neutron diffraction patterns were collected from CaLa2FeNiSbO9 and 

BaLa2FeNiSbO9 on the constant-wavelength powder diffractometers D1b and D2b at ILL, 

Grenoble, France.  Data were collected at temperatures of 300 and 5 K using wavelengths of 

2.52 Å and 1.594 Å for D1b and D2b, respectively. The data from the former have a 

relatively high signal:noise ratio and are principally used in the study of magnetic ordering, 

whereas D2b produces high-resolution data suitable for use in the refinement of crystal 

structures. In both cases, data analysis was performed using the Rietveld method [5]. The 

peak shape was modelled using the function devised by van Laar and Yelon [7] and the 

background was fitted using a twelve-term Chebyshev polynomial. Data were collected from 

CaLa2FeCoSbO9 and SrLa2FeNiSbO9 at 5K and 300K on the GEM time-of-flight 

diffractometer at the ISIS spallation source. The data collected on detector banks at scattering 

angles, 2θ, of 34.96 °, 63.62 °, 91.30 ° and 154.40 ° were refined simultaneously.  

The structure and the composition of the four compounds were further studied by 

transmission electron microscopy (TEM). The specimens for TEM were prepared by 

dispersing crushed powder in ethanol and depositing a few drops of this solution on a copper 

grid covered with a holey carbon film. Selected area electron diffraction (SAED) patterns 

were recorded with a Philips CM20 microscope. High-angle annular dark-field scanning 
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transmission electron microscopy (HAADF-STEM) images, annular bright-field STEM 

(ABF-STEM) images and energy-dispersive X-ray (EDX) maps were acquired with an FEI 

Titan 80-300 “cubed” microscope equipped with a Super-X detector and operated at 300 kV. 

The molar magnetic susceptibilities of these compounds were measured over the 

temperature range 2 < T/K < 370 using a Quantum Design MPMS 5000 SQUID 

magnetometer. Data were collected on warming in a field of 100 Oe after cooling the samples 

both in the absence of an applied field (zero-field cooled, ZFC) and in the measuring field 

(field cooled, FC). The isothermal sample magnetisation of each sample was measured as a 

function of field over the range -50 < H/kOe < 50 at 300 and 5 K after cooling in a field of 50 

kOe.  

57Fe Mössbauer spectroscopy was carried out on finely ground CaLa2FeCoSbO9 at 

room temperature (295 K) in a standard, transmission-mode spectrometer using a 57CoRh 

source. The velocity scale of the spectrometer was calibrated using a 6 µm thick α-Fe foil and 

all isomer shifts quoted herein are relative to the centre of the α-Fe calibration spectrum. All 

Mössbauer spectra were fitted using the NORMOS software [8]. 

 

 

Table 1.  Coercive fields and remanent magnetisation per formula unit, Hc (kOe) and Mr (µB) 

at 5 K of CaLa2FeCoSbO9 and ALa2FeNiSbO9 (A=Ca, Sr, Ba). 

Compound Hc 

(kOe) 

Mr 

(µB) 

CaLa2FeCoSbO9 5.0 1.0 

CaLa2FeNiSbO9 0.3 0.24 

SrLa2FeNiSbO9 0.7 0.35 

BaLa2FeNiSbO9 0.5 0.21 
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Figure 1. The temperature dependence of the dc molar magnetic susceptibilities and the field 

dependence of the magnetisation per formula unit at 300 K and 5 K of CaLa2FeCoSbO9 and 

ALa2FeNiSbO9 (A=Ca, Sr, Ba). 
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3. Results 

The XRPD patterns of the reaction products CaLa2FeCoSbO9 and ALa2FeNiSbO9 

(A=Ca, Sr, Ba) suggested that the syntheses had produced pseudo-cubic perovskites.  

The temperature dependence of the dc molar magnetic susceptibilities of these four 

compounds is shown in Figure 1, along with the field dependence of the magnetisation as 

measured at 300 K and 5 K. In the case of CaLa2FeCoSbO9, the ZFC and FC susceptibilities 

differ below a transition temperature, which is in excess of 300 K. The non-linearity of the 

M(H) curve and the presence of a small but clear remanent magnetisation provide evidence 

that this compound is not a simple paramagnet at 300 K. At 5 K M(H) is asymmetric and 

shows a remanent magnetisation of ~1 µB per formula unit, see Table 1; the magnetisation is 

unsaturated in a field of 40 kOe. The data collected on the three nickel-containing compounds 

are similar to each other but different from those collected on the cobalt analogue; in 

particular, the difference in the temperature dependence of the ZFC and FC curves is less 

marked. However, in all three cases χ(T) again shows a small difference between the ZFC 

and FC susceptibilities at 300 K and a remanent magnetisation is seen in each case. The 

remanent magnetisation at 5 K is smaller than that observed in the cobalt-containing 

compositions, the M(H) loops are much narrower and the curves appear to be approaching 

lower saturation values. We propose that the lower values of the coercive field are a 

consequence of the absence of significant single-ion anisotropy in the case of Ni2+.   Below 

we describe the results of the spectroscopic, diffraction and analytical studies that we have 

performed in an attempt to understand the differences in the magnetic behaviour of these 

compounds. 

 

Figure 2. Observed (red), calculated (green) X-ray powder diffraction patterns of 

CaLa2FeCoSbO9 at room temperature. A difference curve (purple) is shown and reflection 

positions are marked. Inset shows the splitting of peaks at lower angles. 
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The XRPD pattern of each compound was indexed and analysed in the primitive 

monoclinic space group P21/n with a ~√2ap, b ~√2ap and c ~2ap, where ap is the unit cell 

parameter of a primitive pseudo-cubic perovskite. The data are shown in Figure 2 for 

CaLa2FeCoSbO9 and Figure S1 for the three other samples. CaLa2FeCoSbO9 shows the 

largest monoclinic distortion. In this space group the structural model, see Figure 3, involves 

a 4e site that accommodates a disordered distribution of A and La, three further 4e sites that 

accommodate oxide anions and two independent B-sites, 2d (½, 0, 0) and 2c (0, ½, 0) which 

accommodate the three cation species Fe3+, Co2+/Ni2+ and Sb5+. The X-ray scattering lengths 

of iron, cobalt and nickel are very similar and it was impossible to distinguish between them 

using our X-ray data. Refinements of the distribution of a representative transition-metal and 

antimony over the crystallographically-distinct B-sites showed that in each case the 2d 

(½,0,0) sites are largely occupied by transition metals, while nearly all the antimony atoms 

are on the 2c (0, ½, 0) sites. For example, the fit to the data shown in Figure 2 is based on the 

refined cation distribution CaLa2((Fe/Co)1.47Sb0.03)2d((Fe/Co)0.53Sb0.97)2cO9. Although they did 

not establish the distribution of iron and cobalt or iron and nickel, our XRPD data thus 

enabled us to establish the space group symmetry of these compounds and that essentially all 

the antimony is located on a single six-coordinate site in each of the four compositions.  

 

 
Figure 3. Crystal structure adopted by CaLa2FeCoSbO9 and ALa2FeNiSbO9 (A=Ca, Sr, Ba). 

Green octahedra and blue octahedra are occupied by different cations. Red circles represent 

the alkaline earth and La atoms at the A-site. 
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The neutron diffraction data collected from these four compounds were also analysed 

in the space group P21/n. In order to account for the time-of-flight neutron diffraction pattern 

collected from CaLa2FeCoSbO9 at 300 K it was necessary to refine further the distribution of 

cations because the intensity of the 101 and 011 reflections was underestimated when the 

cation distribution was set to be CaLa2(Fe0.5Co)2d(Fe0.5Sb)2cO9. We were able to allow the 

distribution of cobalt and iron atoms over the 2c and 2d sites to vary, provided that the overall 

composition was held constant. The occupancy of cobalt on the 2c site was refined to zero, 

and the iron atoms were found to be distributed over the two sites. Consistent with the XRPD 

data, most of the antimony atoms were found to occupy the 2c site, with a small number 

occupying the 2d site. The cation distribution derived from these neutron diffraction data can 

be represented by the formula CaLa2(Fe0.32CoSb0.18)2d(Fe0.68Sb0.82)2cO9. The additional 

intensity in the 101 and 011 reflections could also be accounted for by magnetic scattering 

and a Mössbauer spectrum was therefore collected in order to establish whether the sample 

was magnetically ordered at 300 K. The spectrum with a large velocity scale, see Figure 4, 

could be fitted with a simple quadrupole doublet, although the high-resolution spectrum taken 

over a smaller velocity scale was better fitted with two quadrupole doublets, see Figure 5, 

consistent with the Fe3+ cations being distributed over more than one crystallographic site. 

There was no evidence of magnetic hyperfine splitting in either spectrum, suggesting that all 

the Fe3+ cations in the sample were paramagnetic, and that it was therefore inappropriate to 

include a magnetic structure in the analysis of the neutron diffraction pattern. The neutron 

data collected at 5 K were analysed by holding the cation distribution fixed at that determined 

from the room-temperature data. The principal change on cooling was an increase in the 

intensity of the 101 and 011 reflections, and in order to model this increase in intensity, it was 

necessary to allow for the presence of magnetic Bragg scattering. The extra intensity could be 

accounted for by the G-type magnetic structure shown in Figure 6, where the mean magnetic 

moment on each B-site is coupled in an antiparallel manner to those of the six nearest-

neighbour sites. The mean moments on the Fe/Co-containing 2d sites and the Fe/Sb-

containing 2c sites refined to values of 2.56(3) and 0.94(2) µB per cation, respectively. Given 

that Sb5+ is diamagnetic, the former value corresponds to a mean moment of 2.91(3) µB per 

magnetic cation and the latter to 2.08(5) µB per Fe3+ cation. Analysis of the neutron data thus 

leads to a description of CaLa2FeCoSbO9 as a ferrimagnet at 5 K with a net moment of 

2.43(5) µB per formula unit. The structural parameters derived from analysis of the data 

collected at both 300 and 5 K are listed in Table 2, with the bond lengths in Table 3. The fits 

to the data collected at both 300 K and 5 K are shown in Figure 7.  
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Figure 4. 57Fe Mössbauer spectrum of CaLa2FeCoSbO9 acquired at room temperature on an 

extended velocity scale. 

 

    

 

Figure 5. 57Fe Mössbauer spectra of CaLa2FeCoSbO9 acquired at room temperature on a 

narrower velocity scale and fitted to (a) one doublet; (b) two doublets. 
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Table 2.  Refined structural parameters for CaLa2FeCoSbO9 at 300 and 5 K; space group 

P21/n. 

T (K) 300 5 

a (Å) 5.5646(3) 5.5547(3) 

b (Å) 5.6187(4) 5.6182(3) 

c (Å) 7.8918(5) 7.8777(4) 

β (°) 89.998(9) 89.996(8) 

Rwpr 2.71% 2.72% 

χ2 1.66 3.29 

Ca/La 4e Occupancy 0.3333/0.6667 0.3333/0.6667 

  x 0.4929(2) 0.4918(2) 

  y 0.5371(1) 0.53940(9) 

  z 0.2530(5) 0.2515(5) 

  Uiso (Å2) 0.0115(2) 0.0074(1) 

Fe1/Co/Sb1 2d Occupancy 0.215(8)/0.6667/0.119(8) 0.215/0.6667/0.119 

  Uiso (Å2) 0.0027(6) 0.0011(5) 

Fe2/Sb2 2c Occupancy 0.452(8)/0.548(8) 0.452/0.548 

  Uiso (Å2) 0.0055(4) 0.0038(3) 

O1 4e x 0.2872(6) 0.2862(5) 

y 0.2935(6) 0.2950(5) 

z 0.0373(3) 0.0391(3) 

Uiso (Å2) 0.0093(8) 0.0060(5) 

O2 4e x 0.2069(6) 0.2050(5) 

y 0.7873(6) 0.7861(5) 

z 0.0464(3) 0.0465(3) 

Uiso (Å2) 0.0098(8) 0.0061(5) 

O3 4e x 0.5819(2) 0.5827(2) 

y 0.9793(2) 0.9786(1) 

z 0.2518(8) 0.2503(6) 

Uiso (Å2) 0.0115(2) 0.0087(2) 
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Table 3.  Selected bond lengths (Å) and bond angles (degrees) in CaLa2FeCoSbO9 at 300 K 

and 5 K. 

 300 K 5 K 

Ca/La – O1 2.466(4) 2.448(4) 

Ca/La– O1 2.692(4) 2.677(4) 

Ca/La – O1 2.766(5) 2.762(5) 

Ca/La – O2 2.677(5) 2.658(4) 

Ca/La – O2 2.390(4) 2.398(4) 

Ca/La – O2 2.785(5) 2.786(5) 

Ca/La – O3 2.533(1) 2.519(1) 

Ca/La – O3 2.389(2) 2.388(2) 

Fe1/Co/Sb1 – O1 2.052(3) * 2 2.062(2) * 2 

Fe1/Co/Sb1 – O2 2.055(3) * 2 2.065(2) * 2 

Fe1/Co/Sb1 – O3 2.042(6) * 2 2.029(5) * 2 

Fe2/Sb2 – O1 1.997(3) * 2 1.987(2) * 2 

Fe2/Sb2 – O2 2.017(3) * 2 2.004(2) * 2 

Fe2/Sb2 – O3 2.015(6) * 2 2.023(5) * 2 

   

O1 – Fe1/Co/Sb1 – O2 89.1(2) * 2 89.1(2) * 2 

O1 – Fe1/Co/Sb1 – O3 87.98(9) * 2 88.11(8) * 2 

O2 – Fe1/Co/Sb1 – O3 88.31(9) * 2 88.44(8) * 2 

O1 – Fe2/Sb2 – O2 88.9(2) * 2 89.0(2) * 2 

O1 – Fe2/Sb2 – O3 89.76(9) * 2 89.81(9) * 2 

O2 – Fe2/Sb2 – O3 89.94(9) * 2 89.94(8) * 2 

Fe1/Co/Sb1 – O1 – Fe2/Sb2 155.2(2) 154.6(1) 

Fe1/Co/Sb1 – O2 – Fe2/Sb2 152.4(2) 152.3(1) 

Fe1/Co/Sb1 – O3 – Fe2/Sb2 153.17(6) 152.88(5) 
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Neutron diffraction patterns for the nickel-containing series ALa2FeNiSbO9 (A=Ca, 

Sr, Ba) were acquired at 300 K and 5 K using a time-of-flight diffractometer in the case of 

SrLa2FeNiSbO9 and constant-wavelength instruments for the barium and calcium analogues. 

In each case, extra intensity compared to that expected on the basis of the X-ray data was 

observed at high d-spacing at both temperatures. In contrast to the case of CaLa2FeCoSbO9, 

in the nickel-containing series this intensity could not be accounted for by varying the cation 

distribution, so it was necessary to assume that these compounds are ordered in a G-type 

magnetic structure at 300 K. On the basis of preliminary refinements, in which the 

distribution of iron and nickel over the six-coordinate sites was allowed to vary, the cation 

distribution in SrLa2FeNiSbO9 was constrained to be SrLa2(Fe0.5Ni)2d(Fe0.5Sb)2cO9. There is 

less difference between the neutron scattering lengths of iron and nickel than there is between 

those of iron and cobalt, but the results of these preliminary refinements were nevertheless 

conclusive. The structural parameters refined from time-of-flight data collected at 300 and 5 

K are presented in Table 4 and Table 5, respectively. In some cases, it was necessary to 

constrain the displacement parameters associated with the two distinct B-sites to be equal 

and, in the case of the analysis of the data collected at 5 K, displacement parameters that 

became negative were set to zero and not refined. We note that the freely-refined values in 

these cases, although negative, were within 3σ of zero. The fits to the data collected at 300 

and 5 K are shown in Figure S2. The mean ordered moment on the 2d site at 300 K refined to 

a value of 0.6(2) µB per cation and that on the 2c site to 0.4(2) µB. These values increased to 

0.68(8) and 1.5(1) per cation on cooling to 5 K, leading to a calculated net magnetisation of 

1.2(2) µB per formula unit at the lower temperature. Note that a comparable fit quality could 

be achieved with the site moments reversed. However, the difference between the two site 

moments, from which the magnetisation per formula unit is calculated, is unchanged. 

Constant-wavelength neutron diffraction patterns of CaLa2FeNiSbO9 and BaLa2FeNiSbO9 

were collected on both D2b and D1b.  The same data analysis strategy was used in each case. 

Firstly, the data collected at 300 K using D2b were analysed, principally to refine the crystal 

structure, although a G-type magnetic model was included in the analysis. During our 

refinements of the structure of CaLa2FeNiSbO9, the unit cell parameters were fixed at the 

values determined by X-ray diffraction, performed with a fixed wavelength known to high 

accuracy, and the wavelength of the neutron beam was allowed to vary.  As the wavelength 

of the neutron beam can vary depending on the setting of the monochromator, we thus used 

the data from our X-ray experiment to calibrate the neutron wavelength. This value was then 

used in the analysis of the data collected from BaLa2FeNiSbO9. Following preliminary 
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refinements, all the Ni2+ cations were placed on the 2d site and the overall cation distributions 

can thus be represented by the formula ALa2(Fe0.5Ni)2d(Fe0.5Sb)2cO9.  The structural 

parameters determined in this way were then used to model the structural scattering present in 

the data collected at 300 K using D1b. Only the ordered magnetic moment and the 

instrumental parameters were varied during the analysis of these data. This procedure was 

then repeated in order to analyse the data collected at 5 K, although in this case the refined 

neutron wavelength was always held constant and the unit cell parameters were refined. The 

observed and calculated patterns for CaLa2FeNiSbO9 at 300 and 5 K are shown in Figure S3 

and those for BaLa2FeNiSbO9 in Figure S4. The structural parameters of both compounds at 

300 K and 5 K are included in Table 4 and Table 5, respectively. The bond lengths for the 

calcium-, strontium- and barium-containing compounds at each temperature are listed in 

Tables S1, S2 and S3, respectively. The refined magnetic parameters of these compositions 

are presented in Table 6, which also includes the values reported above for the cobalt-

containing composition. 

 

 

 

Figure 6. G-type magnetic structure adopted by ALa2FeBSbO9 (A=Ca, Sr, Ba; B=Co, Ni). 

Arrows indicate the direction of ordered spins at the B-sites. Green spheres represent the 2d 

sites and blue spheres represent the 2c sites. 
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Figure 7. Observed (red), calculated (green) time-of-flight neutron diffraction patterns of 

CaLa2FeCoSbO9 at 300 and 5 K. A difference curve (purple) is shown and reflection 

positions are marked. Black bars represent structural reflections and red bars represent 

magnetic reflections. An arrow indicates the peak with the strongest magnetic contribution. 
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Table 4.  Refined structural parameters of ALa2FeNiSbO9 (A=Ca, Sr, Ba) at 300 K; space 

group P21/n. 

A Ca Sr Ba 

a (Å) 5.5543 5.6091(3) 5.6588(4) 

b (Å) 5.5976 5.6017(3) 5.6358(4) 

c (Å) 7.8759 7.9204(4) 7.9648(5) 

β (°) 89.99 89.98(1) 89.95(2) 

Rwpr 5.76% 3.21% 4.73% 

χ2 7.20 2.57 7.19 

A/La 4e x 0.4934(6) 0.4952(4) 0.498(1) 

y 0.5346(3) 0.5241(2) 0.491(1) 

z 0.251(1) 0.2485(9) 0.250(2) 

Occupancy 0.3333/0.6667 0.3333/0.6667 0.3333/0.6667 

Uiso (Å2) 0.0116(4) 0.0118(2) 0.0123(4) 

Fe1/Ni 2d Occupancy 0.3333/0.6667 0.3333/0.6667 0.3333/0.6667 

  Uiso (Å2) 0.0011(2)a 0.0045(3) 0.0005(3)b 

Fe2/Sb 2c Occupancy 0.3333/0.6667 0.3333/0.6667 0.3333/0.6667 

  Uiso (Å2) 0.0011(2)a 0.0028(4) 0.0005(3)b 

O1 4e x 0.289(1) 0.2793(7) 0.254(2) 

y 0.298(1) 0.2846(8) 0.256(2) 

z 0.0381(7) 0.0413(4) 0.9757(9) 

Uiso (Å2) 0.006(1) 0.0074(6) 0.016(2) 

O2 4e x 0.212(1) 0.2216(8) 0.228(2) 

y 0.7821(9) 0.7753(8) 0.768(2) 

z 0.0473(7) 0.0296(3) 0.9600(7) 

Uiso (Å2) 0.006(1) 0.0094(6) 0.011(2) 

O3 4e x 0.5733(5) 0.5705(4) 0.456(1) 

y 0.9812(4) 0.9895(3) 0.992(2) 

z 0.250(2) 0.253(1) 0.249(2) 

Uiso (Å2) 0.0102(6) 0.0089(3) 0.017(1) 

a,b parameters constrained to be equal 
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Table 5.  Refined structural parameters of ALa2FeNiSbO9 (A=Ca, Sr, Ba) at 5 K. 

A Ca Sr Ba 

a (Å) 5.5454(1) 5.6021(3) 5.6529(3) 

b (Å) 5.5924(1) 5.5985(2) 5.6256(3) 

c (Å) 7.8614(2) 7.9107(3) 7.9497(4) 

β (°) 89.99(1) 90.042(9) 90.02(2) 

Rwpr 5.36% 2.95% 5.17% 

χ2 7.18 2.48 6.61 

A/La 4e Occupancy 0.3333/0.6667 0.3333/0.6667 0.3333/0.6667 

x 0.4924(5) 0.4943(4) 0.501(1) 

y 0.5366(2) 0.5273(1) 0.507(1) 

z 0.250(1) 0.2494(9) 0.250(2) 

Uiso (Å2) 0.0061(3) 0.0072(1) 0.0091(4) 

Fe1/Ni 2d Occupancy 0.3333/0.6667 0.3333/0.6667 0.3333/0.6667 

  Uiso (Å2) 0c 0.0022(3) 0c 

Fe2/Sb 2c Occupancy 0.3333/0.6667 0.3333/0.6667 0.3333/0.6667 

  Uiso (Å2) 0c 0.0009(4) 0c 

O1 4e x 0.291(1) 0.2821(7) 0.253(2) 

y 0.2983(8) 0.2877(7) 0.255(2) 

z 0.0409(9) 0.0390(5) 0.0260(8) 

Uiso (Å2) 0.000(1) 0.0042(6) 0.014(2) 

O2 4e x 0.213(1) 0.2219(7) 0.229(1) 

y 0.7815(9) 0.7743(7) 0.769(2) 

z 0.0450(9) 0.0336(5) 0.0395(7) 

Uiso (Å2) 0.005(1) 0.0065(7) 0.007(2) 

O3 4e x 0.5769(5) 0.5717(4) 0.5481(8) 

y 0.9807(4) 0.9886(3) 0.003(2) 

z 0.251(1) 0.2533(8) 0.249(2) 

Uiso (Å2) 0.0056(5) 0.0053(3) 0.016(1) 

c not refined 
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Table 6.  Magnetic parameters of CaLa2FeCoSbO9 and ALa2FeNiSbO9 (A=Ca, Sr, Ba) 

derived from neutron diffraction data. 

Compound 2d moment 

(µB) 

2c moment 

(µB) 

Net magnetisation 

(µB) 

300 K 5 K 300 K 5 K 300 K 5 K 

CaLa2FeCoSbO9 0 2.56(3) 0 0.94(2) 0 2.43(5) 

CaLa2FeNiSbO9 0.8(1) 1.74(7) 0.4(1) 1.07(7) 0.6(2) 1.0(1) 

SrLa2FeNiSbO9 0.6(2) 0.68(8) 0.4(2) 1.5(1) 0.3(5) 1.2(2) 

BaLa2FeNiSbO9 0.8(3) 1.4(2) 0.4(3) 0.8(2) 0.6(6) 0.9(5) 

 

 

Despite the cobalt-containing compound exhibiting magnetic behaviour different to 

that shown by the nickel-containing compounds, all four compounds could be described by 

the monoclinic P21/n space group. The only structural difference detected by X-ray and 

neutron diffraction was the presence of antimony on both six-coordinate sites in the cobalt-

containing compound. A more detailed structural investigation of all four compounds using 

transmission electron microscopy has therefore been undertaken. 

All SAED patterns obtained of CaLa2FeCoSbO9, CaLa2FeNiSbO9 and SrLa2FeNiSbO9 

could be indexed with the P21/n model. Representative patterns of main zones are all very 

similar and shown in Figure 8 and Figures S5 and S6, respectively. The barium-containing 

compound showed a different main phase and will be discussed separately below. Also the 

high-resolution HAADF-STEM images for these three compounds are very similar, and 

images taken along the [010] zone are shown in Figure 9, Figure S7 and Figure S8, 

respectively.  In such images, the intensity of the atom columns is proportional to the atomic 

number of the elements: I ~ Z2. Therefore, the rows with alternation of darker and brighter 

dots along the a-axis correspond to, respectively, the alternating (Co,Fe) ( (Ni,Fe) in Figures 

S7 and S8) and (Sb,Fe) atom columns, and show clear ordering of the B cations. This is 

supported by the accompanying EDX maps (Figure 10 and Figures S9 and S10). The 

continuous rows of bright dots along the a-axis correspond to the A-sites occupied 

statistically by La and Ca (Sr in Figure S10). The EDX maps also show that Co (Ni in Figure 

S9 and S10) and Sb occupy separate B-sites, while Fe is present on both B-sites. The maps of 

Ca and Sb show artefacts due to the overlap of the K line of Ca (3.692 keV) and the L line of 
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Sb (3.604 keV). The intensity at B positions in the Ca maps is due to the overlapping Sb 

peak, oppositely, the intensities observed at A positions in the Sb maps are due to the 

overlapping Ca peak. The true signal on the Ca maps is only the homogeneous, much weaker 

signal overlapping with the La positions.  

 

 

Figure 8. SAED patterns of the CaLa2FeCoSbO9 sample along the zone axes [100], [010] 

and [001]. 

 

 

Figure 9. High-resolution HAADF-STEM image of CaLa2FeCoSbO9 along the [010] zone 

axis, where the continuous rows of bright dots along the a-axis are occupied by both La and 

Ca. The rows with alternation of darker and brighter dots along the a-axis correspond to 

(Co,Fe) and (Sb,Fe) atom columns, respectively.  
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Whereas the NPD refinement for CaLa2FeCoSbO9 resulted in a distribution 

CaLa2(Fe0.32CoSb0.18)2d(Fe0.68Sb0.82)2cO9, a line profile (Figure 11) along alternating B-site 

positions in the atomic-resolution EDX map revealed a slight preference of Fe for the Co 

positions instead. Table 7 shows the occupancies of Fe, Sb and Co at both B-site positions, 

quantified using the method described by Ping Lu et al. [9], assuming thin specimen 

conditions, expanded to three different elements. Note that the values derived from atomic-

resolution EDX maps are always only an estimate due to electron beam channeling and 

broadening [10]. All three B cations are present at both sites but in different ratios.  A higher 

Fe concentration is present at the 2d site position, which is mainly occupied by Co, than at 

the 2c site, which is mainly occupied by Sb. However, an attempt to use this cation 

distribution in the analysis of our neutron diffraction data, which were collected from the 

bulk sample rather than from local regions, resulted in a fit that was significantly worse than 

that given by the model described in Table 4. In the cases of CaLa2FeNiSbO9 and 

SrLa2FeNiSbO9, the line profiles taken over the atomic-resolution EDX map show a 

preference of Fe for the Ni-dominated positions (Figures S11 and S12), while NPD and XRD 

showed an equal distribution of Fe between the 2d and 2c positions. 

 

 

 

Figure 10. Left: The high-resolution HAADF-STEM image of the CaLa2FeCoSbO9 sample 

along [010] together with the individual Ca/La/Fe/Co/Sb elemental maps. Right: Mixed 

element map of La, Co and Sb. According to the B-sites, ordering is present between Co and 

Sb (Co:Sb = 1:1), while Fe is present at all B-sites.  

 

 



20 
 

 

Figure 11. Left: Line profile of the elements Fe, Co and Sb in counts. Right: the HAADF-

STEM image, with the individual EDX maps of Fe, Co and Sb, of which the line profile has 

been taken. 

 

Table 7. The occupancies calculated by the Cliff-Lorimer method for both B-site positions of 

the CaLa2FeCoSbO9 sample. The average composition over both positions is in agreement 

with the overall measured composition shown in Table 8.  

 Sb [at%] Co [at%] Fe [at%] 

2c site 56(2) 15(1) 29(2) 

2d site 9(1) 52(3) 39(3) 

Average 33(2) 34(3) 34(4) 

 

 

BaLa2FeNiSbO9 stands out from the other compounds as the sample shows two 

phases with different symmetries, whereas for the other compounds all SAED patterns could 

be indexed using P21/n.  In HAADF-STEM, all regions, and thus both phases, were ordered. 

Taking the B cation ordering into account, the SAED patterns of the main phase, shown in 

Figure 12, allow several possible space groups: cubic Fm3̅m (a0a0a0), rhombohedral R3̅ (a-a-a-

), tetragonal I4/m (a0a0c-) or monoclinic I2/m (a-a-c0).  The corresponding tilts of the 
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octahedra around the three basis vectors of the parent perovskite compound are indicated 

following the space groups using the Glazer notation [11]. The difference between the space 

groups is related to the presence of either an anti-phase tilt (denoted with ‘-’) or the absence 

of a tilt (denoted with ‘0’) along the three different pseudo-cubic axes. Therefore, ABF-

STEM images were taken along the pseudo-cubic zone axes to investigate whether octahedral 

tilts are present or not. The contrast of ABF-STEM images is proportional to Z1/3 so that 

atomic columns appear as dark spots on a white background, and allows visualising the light 

oxygen atomic columns (ZO=8) in the presence of heavy elements. Figure 13A shows 

elongation, up to splitting in the best parts of the image, of the oxygen columns, indicating 

the presence of an anti-phase octahedral tilt, which means that the main phase has at least one 

pseudo-cubic axis containing an anti-phase octahedral tilt, and thus allows to eliminate the 

cubic space group Fm3̅m (a0a0a0). Likewise, the rhombohedral space group R3̅ (a-a-a-) can 

also be discarded, since the ABF-STEM image in Figure 13B shows no tilt, indicating that 

there is at least one a0.  Due to the domain structure, twinning and high similarity between 

many zones, we cannot distinguish experimentally between I2/m (a-a-c0) and I4/m (a0a0c-) 

using, for example, convergent beam electron diffraction. However, we propose that the main 

phase is I2/m, based on the group-subgroup relation between I2/m and P21/n, i.e. the extra in-

phase octahedral tilt around the c-axis disappears ongoing from P21/n (a-a-c+) to I2/m (a-a-c0) 

with increasing size of the A cation. A more detailed explanation can be found in the 

supporting information. The SAED patterns of the second phase are shown in Figure S17 and 

are consistent with the P21/n (a-a-c+) model found for the calcium and strontium analogues. In 

the light of these observations, we reanalysed our neutron diffraction data using a biphasic 

(I2/m and P21/n) model. However, it was not possible to achieve a stable refinement and the 

fit achieved using a body-centred model alone was significantly worse than that shown in 

Figure S4. Similar to the calcium and strontium analogues, the atomic-resolution HAADF-

STEM image and EDX maps (Figures S18 and S19) clearly show ordering between Ni and 

Sb, with Fe present on both sites. However, unlike the other compounds, the line profile 

along the alternating B-site positions in the atomic-resolution EDX map (Figure S20) implies 

a preference of Fe for the Sb-dominated positions, whereas for the other compounds it 

showed a preference for the Ni/Co shared positions. Note that NPD and XRPD showed an 

equal distribution of Fe between the 2d and 2c positions.   
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Figure 12. SAED patterns of the BaLa2FeNiSbO9 sample along the zone axes [100]/[010] 

and [001] corresponding to space group I2/m. 

 

 

Figure 13. ABF-STEM images taken from the main phase I2/m of BaLa2FeNiSbO9. The left 

ABF-STEM image is taken along the [110] orientation (The [110] and [1-10] orientations are 

equivalent and correspond respectively to [010]p and [100]p.), where the arrows show 

splitting of the oxygen column confirming the presence of anti-phase octahedral tilts. The 

right ABF-STEM image is taken along the [001] orientation (i.e. [001]p), where the arrow 

shows the absence of a tilt. The different tilts are also illustrated in the close-up at the bottom 

together with the corresponding models, where the black atoms represent the A cations, the 

red atoms represent oxygen and the purple octahedra represent the B cations with oxygen on 

the corners. The correspondence of these ABF-STEM images to the indicated main phase is 

indicated by Fourier transforms in Figures S13 and S14. 
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The discrepancy between refined occupancies from NPD and XRPD, and preferences 

derived from the EDX maps are explained by our overview EDX results, which show that all 

samples have a certain degree of inhomogeneity.  A representative map is shown for 

BaLa2FeNiSbO9 in Figure 14. Overview EDX maps for the other compounds are included in 

the supplementary information. The maps show an inhomogeneous distribution for both the A 

cations (La, Ba) and the B cations (Fe, Ni, Sb). This is also clarified using scatter plots in 

Figure 15 and Figures S24-S27. Regions and entire crystallites with deviating compositions 

are present, although the A to B ratio is always approximately 1. In addition to the expected 

composition, various measurements correspond to either a phase deficient in both Fe and La, 

with increased concentrations of Ba (Ca/Sr), Ni (Co) and Sb, or a phase rich in Fe and La, 

with lower concentrations of Ba (Ca/Sr), Ni (Co) and Sb. The variations in both the A cations 

and B cations are much more significant in the nickel-containing compounds than in the 

cobalt-containing compound. The average element contents of the four compounds are shown 

in Table 8. The homogeneity increases in the sequence BaLa2FeNiSbO9 < SrLa2FeNiSbO9 < 

CaLa2FeNiSbO9 < CaLa2FeCoSbO9. This sequence reflects the need to use constraints in the 

analysis of the neutron data collected on the nickel-containing compounds. 

 

 

 

Figure 14. Left: HAADF-STEM image of BaLa2FeNiSbO9. Middle: mixed element map of 

Fe, Ni and Sb, where an inhomogeneous distribution can be seen. Right: mixed element map 

of La and Ba, the elements are again inhomogeneously distributed.  
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Table 8. The average cation contents in atomic percentage of CaLa2FeCoSbO9 and 

ALa2FeNiSbO9 (A=Ca, Sr, Ba). 

 
A La Fe B Sb 

CaLa2FeCoSbO9 18(3) 35(3) 15(4) 15(2) 17(2) 

CaLa2FeNiSbO9 18(3) 35(3) 15(5) 15(3) 17(3) 

SrLa2FeNiSbO9 15(3) 36(4) 17(8) 15(4) 17(4) 

BaLa2FeNiSbO9 15(4) 37(5) 18(7) 15(4) 15(4) 

In a homogeneous material, the values across a row would be 16.7, 33.3, 16.7, 16.7 and 16.7.  

 

4. Discussion  

Judged on the XRPD and neutron diffraction data alone, CaLa2FeCoSbO9 and 

ALa2FeNiSbO9 (A=Ca, Sr, Ba) all appear to adopt the same monoclinic crystal structure as 

their analogue SrLa2FeCoSbO9. Analysis of the neutron diffraction data suggests that the four 

compounds have B-site ordering patterns similar to that in SrLa2FeCoSbO9; the Co/Ni and Sb 

atoms order in 1:1 ratio and Fe atoms are distributed equally over the two 

crystallographically-distinct B-sites, although some deviation from this scheme is observed in 

the case of CaLa2FeCoSbO9. Ni2+ is similar to Co2+ in both size and charge, and it is not 

surprising that they adopt similar, albeit slightly different, distributions [12], [13]. Disorder 

between Fe3+ and Ni2+ has also been reported previously[14]. In contrast to La3Ni2SbO9[15] 

and La3Co2SbO9[16], where some of the Co2+ or Ni2+ cations have to share a site with Sb5+, 

in the perovskites described in this study the presence of an equal concentration of Fe3+, 

intermediate in both size and charge between Co2+/Ni2+ and Sb5+, eliminates the need for the 

divalent and the relatively-small, pentavalent cations to share a site. In the cases of 

CaLa2FeCoSbO9, CaLa2FeNiSbO9 and SrLa2FeNiSbO9, the mean Fe/Co(Ni) – O bond 

lengths around the 2d sites are, as expected, significantly longer than the Fe/Sb – O bond 

lengths around the 2c sites. This difference is less apparent in BaLa2FeNiSbO9, which could 

be due to the greater level of inhomogeneity in the sample. The Fe/Co – O bond lengths in 

the cobalt-containing compounds, including SrLa2FeCoSbO9, are slightly longer than the 

Fe/Ni – O bond lengths in the nickel-containing compounds. We note that at room 

temperature the mean Ni – O bond length around the octahedrally-coordinate cation sites in 

NiO is 2.089 Å[17], and the mean M – O bond lengths around the six-coordinate cation sites 
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in Sb2O5, Fe2O3, and CoO are 1.992, 2.029 and 2.129 Å, respectively[18]–[20]; our results 

are consistent with these values. The mean Ca/La – O bond length in CaLa2FeCoSbO9 is 

2.587 Å, slightly smaller than the mean Sr/La – O distance of 2.639 Å found in 

SrLa2FeCoSbO9. The mean M/La – O bond lengths in CaLa2FeNiSbO9, SrLa2FeNiSbO9 and 

BaLa2FeNiSbO9 are 2.589 Å, 2.639 Å and 2.73 Å, respectively. The mean La – O bond 

length found in La3Ni2SbO9 is 2.607 Å[15], which is larger than the Ca/La – O bond length 

but smaller than the Sr(Ba)/La – O bond lengths in these compounds, which is consistent with 

the variation in ionic radius between Ca2+, La3+, Sr2+ and Ba2+.  

However, the TEM data described above demonstrate that these samples are 

inhomogeneous in a way that SrLa2FeCoSbO9 was not. XRPD and NPD reveal the average 

structure of the material, but transmission electron microscopy can probe shorter length 

scales and hence reveal inhomogeneities within individual powder particles. This is most 

clearly illustrated in the case of BaLa2FeNiSbO9, where TEM clearly showed the presence of 

two different symmetries. The ionic radius of Ba2+ (1.61 Å) is significantly larger than the 

ionic radii of Ca2+, Sr2+ and La3+, which are equal to 1.34 Å, 1.44 Å and 1.36 Å, respectively 

[21]. Therefore, with deviating compositions, the average ionic radius of the A cations, Ba 

and La, will vary much more than for the strontium and calcium analogues, causing clear 

structural variations with different symmetries. In general, when a significantly smaller A 

cation or larger B cation are introduced into the structure, octahedral tilts can appear to fill the 

space between the octahedra in order to stabilise the structure. The presence of such 

octahedral tilts can be predicted by the Goldschmidt tolerance factor, t, which is a quantity to 

predict the stability of the perovskite phase [22]: t = [RA + RO]/[21/2(RB + RO)], where RA, RB, 

and RO are the average ionic radii of the A and B cations, and the O anion, respectively. 

Reaney et al. (1994) [23] showed that at room temperature perovskites with 0.985 < t < 1.06 

often adopt untilted structures. Perovskites with 0.964 < t < 0.985 are usually tilted in anti-

phase and perovskites with t < 0.964 are prone to show in-phase and anti-phase tilting. Using 

this as a rough guideline, we found that the measured compositions for BaLa2FeNiSbO9 

mainly lie in the range with only anti-phase tilts, which are shown as blue dots in the scatter 

plot in Figure 15, while a few variations belong to the range with both in-phase and anti-

phase tilts, which are shown as orange dots and can be ascribed to the P21/n (a-a-c+) phase. 

The measured tolerance factors agree with our conclusion from TEM that the main phase is  

I2/m, as the most plausible transition is from an in-phase tilt around the c-axis (i.e. P21/n (a-a-

c+)) to no tilt around the c-axis (i.e. I2/m (a-a-c0)) with increasing A cation size. A similar 

phase transformation has also been reported for Ba2-xSrxInTaO6 [24].   
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In the case of the calcium-containing compounds, the difference in ionic radii is 

negligible, and all the calculated tolerance factors (Figure S24 and S25) correspond to the 

P21/n symmetry, as expected. XRPD analysis also suggested a larger monoclinic distortion, 

which can be explained by the smaller average ionic radius of the A cations, La and Ca, 

causing higher octahedral tilts.  

For the strontium-containing compound (Figure S26), some of the measured 

compositions would point towards a structure with only anti-phase octahedral tilts, similar to 

BaLa2FeNiSbO9, although all SAED patterns could also be adequately indexed using P21/n. 

However, the calculated tolerance factors vary between 0.956 < t < 0.965, and the tolerance 

factor is only a rough guideline. 

 
 

 

Figure 15. Scatterplot taken from the experimental compositions of BaLa2FeNiSbO9. The x-

axis shows the ratio between the A cations, La/Ba, and the y-axis shows the ratio between the 

B cations (Ni+Sb)/Fe. The error bars are determined by propagation, but when ratios are used 

this can lead to large error bars. Inset shows the total charge of all the experimental 

compositions, which implies that the local charge neutrality is well maintained. The ‘t’ in the 

legend stands for the calculated tolerance factors. The experimental compositions that do not 

fit the theoretical relationship based on the local charge neutrality (LCN), taking into account 

the error, are shown in dark blue. The arrows mark the experimental compositions that do not 

satisfy the assumption that an increase in La implies an increase in Fe. 
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TEM also showed that, for all the compounds, the Fe content increases concomitantly 

with La. This correlation between the A cations and B cations can be explained by local 

charge neutrality. For all four compounds, the formula can be written as La2-xA1+xFe1-

yB1+y/2Sb1+y/2O9 (A=Ca2+, Sr2+, Ba2+; B=Co2+, Ni2+), where the A to B ratio is always 

approximately 1 and where it is assumed that the content of B and Sb changes equally. The 

latter is an approximation necessary to reduce the number of variables to allow a quantitative 

analysis of the general tendencies and is supported by the scatter plots in Figure S27, but not 

always perfectly valid.  If there is local charge neutrality, this complex formula can be 

rewritten using a single variable, x, by taking into account the oxidation states of La3+, Fe3+ 

and Sb5+; i.e. La2-xA1+xFe1-2xB1+xSb1+xO9. Using this formula, a theoretical relationship 

between the La:A and (B+Sb):Fe ratios can be drawn, shown as the line in the scatter plots of 

Figure 15 and of Figures S24, S25 and S26. The measured compositions of the calcium-

containing compounds agree well with the calculated relationship, showing that despite the 

variations in the composition throughout the crystals, the local charge neutrality is well 

maintained. The strontium and barium analogues show a worse fit. The regions that do not fit 

to the curves within the error margins, marked in Figures 15 and S26, actually do not agree 

with the assumption that an increased Fe concentration implies an increase in the La 

concentration nor with the assumption that the B cations Ni/Co and Sb increase 

concomitantly (see Figure S27). Unfortunately, the inclusion of an extra variable allowing for 

this variation makes it impossible to produce an interpretable visualisation. Only in the case 

of the strontium-containing compound is the Gaussian curve of the charge per region, 

assuming a perovskite structure with full oxygen occupancy, not centred at 0 (neutral charge), 

but at +0.2.  We cannot currently explain this slight deviation from charge neutrality. We 

propose that it might be due to the presence of a non-perovskite phase, although no 

conclusive evidence was seen for such phase among the SAED patterns or HAADF-STEM 

images.   

In general, taking into account also the homogeneity of the previously published 

SrLa2FeCoSbO9 [4], the cobalt-containing compounds are more homogeneous than the 

nickel-containing compounds, which could be related to the different reaction rates of Co2+ 

and Ni2+ during the synthesis of the samples; a d8 cation possesses greater crystal field 

stabilisation energy than a d7 cation, and thus tends to react and diffuse more slowly during 

the synthesis of the sample.  
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Finally, the magnetometry data shown in Figure 1 suggest that CaLa2FeCoSbO9 and 

ALa2FeNiSbO9 (A=Ca, Sr, Ba) all show ferrimagnetic behaviour with a Curie temperature 

higher than that of SrLa2FeCoSbO9. CaLa2FeCoSbO9 is ferrimagnetic below 250 K, and the 

comparable transition temperatures of the three nickel-containing compounds are all ~350 K. 

The variation in transition temperature with composition can be attributed to the different 

levels of covalency in the different B – O and A – O bonds. The presence of long-range 

magnetic ordering is clearly demonstrated by the presence of magnetic Bragg scattering in 

the neutron diffraction patterns collected at 5 K from all four compounds. The magnetic 

model used to account for the magnetic scattering is essentially the same antiferromagnetic 

G-type magnetic structure involving nearest-neighbour interactions as was assigned to 

SrLa2FeCoSbO9 and assumes that the samples are homogeneous. The difference in magnetic 

moment between the 2d and 2c sites results in a net ferrimagnetism, and the model is thus 

qualitatively consistent with the magnetometry data. For the nickel-containing ferrimagnets 

we would expect to see a mean ordered moment of MFe/3 on the 2c site and an antiparallel 

moment of (MFe + 2MNi)/3 on the 2d site, resulting in a net magnetisation of MNi per formula 

unit, where MFe and MNi are the magnetic moments of Fe3+ and Ni2+ which would be expected 

to take values of ~5 and ~2 µB, respectively. The ordered moments determined by neutron 

diffraction and the magnetisation measured in 50 kOe are all lower than the values predicted 

by this simple ferrimagnetic model. As in the case of SrLa2FeCoSbO9, we suggest that the 

presence of the d10 cation Sb5+ on ⅔ of the 2c sites reduces the effectiveness and dominance 

of the NN coupling. Although the antiferromagnetic Fe – O – Fe and Ni – O – Fe interactions 

between NN sites seem to dominate, it is likely that significant next-nearest-neighbour 

(NNN) 90 ° interactions along Fe – O – O – Fe or Fe – O – O – Ni pathways will compete 

with them. The frustration thus introduced might be responsible for the low magnetic 

moments. Similar behaviour has been reported in other magnetically dilute, cation-disordered 

perovskites [25]. The discussion of the magnetic properties presented above is largely based 

on the assumption that our samples are homogeneous when they clearly are not. All the 

different particles have the perovskite structure, and this allows us to model our neutron 

diffraction data to get an average structure, even when the cation distribution is 

inhomogeneous. However, the magnetic properties of each sample will be governed by local 

interactions. For example, a crystallite rich in lanthanum and iron might be expected to have 

magnetic properties similar to those of LaFeO3 [26]–[28] and this might be the cause of some 

of the hysteresis observed above room temperature. The nickel-containing compounds have a 

lower saturated moment per formula unit than the cobalt-containing compounds, which is to 
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be expected given the lower moment of Ni2+ but the decrease might be partly attributable to 

the higher level of inhomogeneity present in these compositions. This is consistent with the 

fact that BaLa2FeNiSbO9, which shows the greatest level of inhomogeneity, has the lowest 

susceptibility and saturated moment, while CaLa2FeNiSbO9 and SrLa2FeNiSbO9 are rather 

similar to each other. CaLa2FeCoSbO9 is the most homogeneous of the four compounds 

discussed in this paper and its magnetic behaviour is similar to that of homogeneous 

SrLa2FeCoSbO9. The magnetic transition temperatures of the other compositions are less well 

defined, as judged by the difference between χZFC and χFC. The broadening of their 

susceptibility maximum is consistent with the presence of a range of compositions through 

the sample. It is likely that if another set of samples was prepared, then their magnetic 

properties would be similar to, but subtly different from, those described above because the 

level of inhomogeneity will depend on the details of the particular synthesis protocol. Even in 

the case of CaLa2FeCoSbO9, the observed ordered moment and magnetisation are lower than 

the calculated values at 5 K. M(H) is non-linear at room temperature although Mössbauer 

spectroscopy suggests the material is paramagnetic; the hysteresis seen in χ(T) above the 

Curie temperature could be caused by short-range spin ordering involving some of the 

magnetic cations.  

 

5. Conclusions 

In this study, four perovskites: CaLa2FeCoSbO9 and ALa2FeNiSbO9 (A=Ca, Sr, Ba) 

have been prepared using standard solid-state reactions. Neutron diffraction, X-ray diffraction 

and TEM show that each has a 1:1 B-site ordering pattern in which Co2+/Ni2+ and Sb5+ tend 

to occupy two distinct crystallographic sites while Fe3+ is distributed over both B-sites. This 

is similar to the ordering pattern observed in SrLa2FeCoSbO9. However, while X-ray and 

neutron diffraction data agreed for all four compounds with single phase, monoclinic crystal 

structure in space group P21/n, TEM images revealed different levels of compositional 

inhomogeneity at the subcrystal scale.  The deviations in the composition appear to adhere to 

charge neutrality; this was seen most clearly for the calcium-containing compounds.  In 

BaLa2FeNiSbO9, the most inhomogeneous compound, the compositional inhomogeneity 

leads to the occurrence of both a primitive P21/n phase and a body centred I2/m phase. 

Magnetometry data together with neutron diffraction data have shown that these perovskites 

are ferrimagnets with relatively high Curie temperatures, and their ferrimagnetism can be 

explained by a G-type magnetic structure model by assuming single-phase compositions. The 
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decreased average magnetization compared to the predicted one is ascribed to the 

inhomogeneity of the compounds. A key conclusion from this work is that structural models 

which account well for X-ray and neutron diffraction data and which contain entirely 

plausible bond lengths may be flawed because they do not include features in the 

microstructure that play an important role in determining the physical properties of the 

compound; these features only become apparent when the microstructure is studied by 

electron microscopy. 
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