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Supplementary Material 

Nanoparticles morphology 

 
Figure S1. TEM images with more structures obtained in the synthesized calcium and manganese-doped 

ferrites at 90 °C. 
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Figure S2. Histograms of the particle sizes measured in the samples of (A) manganese ferrites, (B,C) calcium 

and manganese-doped ferrites, and (D) calcium ferrites. (E) Dependence of the particle diameter on the 

nominal composition obtained from the synthesis at 90 °C.  

 

 

Figure S3. TEM images of manganese ferrites synthesised without citrate at 90 °C. 
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X-ray diffraction analysis 

 

Figure S4. X-ray diffraction patterns of the synthesised nanoparticles (black line) and fitted patterns 

obtained through Rietveld refinement (red line). The black and red triangles highlight the diffraction pattern 

contributions from Fd3m (ferrite cubic phase) and R3c (calcite phase) structures.  

 

Table S1. Crystallite size, lattice parameter, X-ray density (dx), specific surface area in the 

tetrahedral (LA) and octahedral (LB) sites calculated from X-ray profiles for the manganese and 

calcium-doped ferrites synthesized at 100 °C.  

Composition 
Crystallite size 

(nm) 

Lattice parameter 

(a) (Å ) 

dx 

(g/cm3) 

S×106 

(cm2/g) 
LA (Å ) LB (Å ) 

MnFe2O4 14.84 8.44 5.10 0.79 3.65 2.98 

CaFe2O4 5.86 8.38 4.87 2.10 3.63 2.96 
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Table S2. Tetrahedral (rA) and octahedral (rB) radii, tetrahedral bond length (dAL), octahedral 

bond length (dBL), shared tetrahedral edge (dAE), shared (dBE) and unshared (dBEU) octahedral 

edges obtained from Rietveld refinement. The oxygen parameters u43m (origin of unit cell 

considered on an A-site cation) and u3m (origin of unit cell considered at an octahedral vacancy 

3m) are also included.  

Temperature Composition rA rB dAL dBL u43m u3m dAE dBE dBEU 

100 °C 
MnFe2O4 1.76 1.93 1.90 2.07 0.380 0.255 3.10 2.86 2.98 

CaFe2O4 1.73 1.93 1.86 2.07 0.378 0.253 3.04 2.89 2.96 

90 °C 

MnFe2O4 1.78 1.92 1.92 2.06 0.381 0.256 3.14 2.83 2.99 

Ca0.1Mn0.9Fe2O4 1.72 1.95 1.86 2.09 0.377 0.252 3.04 2.92 2.98 

Ca0.2Mn0.8Fe2O4 1.71 1.95 1.85 2.08 0.377 0.252 3.03 2.92 2.98 

Ca0.3Mn0.7Fe2O4 1.66 1.96 1.80 2.10 0.374 0.249 2.94 2.98 2.96 

Ca0.4Mn0.6Fe2O4 1.74 1.94 1.88 2.08 0.378 0.254 3.07 2.88 2.98 

Ca0.5Mn0.5Fe2O4 1.68 1.97 1.82 2.11 0.374 0.249 2.96 2.98 2.97 

Ca0.6Mn0.4Fe2O4 1.74 1.94 1.87 2.08 0.378 0.254 3.06 2.89 2.98 

Ca0.8Mn0.2Fe2O4 1.66 1.97 1.80 2.11 0.373 0.249 2.94 3.01 2.97 

CaFe2O4 1.70 1.95 1.83 2.08 0.376 0.251 2.99 2.93 2.96 

 

The increasing content of Ca2+ led to a slight increase of octahedral radius and decrease of the 

tetrahedral site, as well as on the respective bond lengths. In addition, both the shared tetrahedral 

edge and unshared octahedral edge decreased, while the shared octahedral edge increased. These 

results can be associated with the migration of the large Ca2+ ions to the B-sites.  

Regarding the cation distribution, the parameter u3m has a correlation with the degree of inversion 

[1], in which a value larger than 0.2555 is associated with a normal spinel, while a smaller value 

is indicative of an inverse spinel. Thus, the particle with a higher amount of Ca2+ might display a 

larger degree of inversion, while the ones with lower content (x < 0.5) might have a more 

disordered or a closer to normal spinel structure. Nonetheless, the close values of u3m to 0.250 is 

indicative of close to perfect fcc structures [2]. 
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Estimation of cation distribution 

The cation distribution was initially estimated through the Bertaut method [3–5]. The method 

consists on the comparison between diffraction intensities observed in the experimentally 

obtained diffraction patterns and those calculated for the hypothetical crystal structure. The 

reflection from the planes (2 2 0), (4 0 0) and (4 4 0) are assumed to be sensitive to the cation 

distribution. The observed intensity was extracted from the diffraction patterns and the 

theoretical intensities were calculated by the equation: 

𝐼ℎ𝑘𝑙 = |𝐹|ℎ𝑘𝑙
2 𝑝𝐿𝑝 (S1) 

where 𝐹 is the structure factor, 𝑝 is the multiplicity factor, and 𝐿𝑝 is the Lorentz polarization factor 

calculated as: 

𝐿𝑝 =
1 + cos2 2𝜃

sin2 𝜃 cos 𝜃
 (S2) 

In general, the observed diffraction intensity ratios were well described by the calculated 

intensities. Yet, deviations were obtained that can be a result of strain associated with the small 

size of the nanoparticles affecting the obtained intensities, which might affect the estimated cation 

distribution. Nevertheless, the results suggest that the Ca2+ ions replacing the Mn2+ preferentially 

occupied the octahedral size. In line with the higher lattice parameter at x=0.4, a slight amount of 

Ca2+ migrated to the A-sites at the expense of replacing the Fe3+ ions. Regarding the reaction 

temperature, the synthesis at 100 °C did not produce major changes in the CaFe2O4 cation 

distribution, while it strongly affected the degree of inversion in the MnFe2O4 nanoparticles. 

Table S3. Estimated cation distribution from X-ray intensity ratio.  

 
Temperature x value 

Cation distribution I400/422 I220/400 I400/422 I220/400 

 A site B site Obs. Obs. Cal. Cal. 

 

90 °C 

0 (Mn0.12+Fe0.93+) [Mn0.92+Fe1.13+] 2.068 1.299 2.057 1.275 

 0.1 (Mn0.12+Fe0.93+) [Ca0.12+Mn0.82+Fe1.13+] 2.089 1.329 2.099 1.347 

 0.2 (Ca0.032+Fe0.973+) [Ca0.172+Mn0.82+Fe1.033+] 1.966 1.271 1.994 1.316 

 0.3 (Ca0.012+Fe0.993+) [Ca0.292+Mn0.72+Fe1.013+] 1.900 1.368 1.907 1.380 

 0.4 (Ca0.252+Fe0.753+) [Ca0.152+Mn0.62+Fe1.253+] 2.636 1.172 2.591 1.142 

 0.5 (Ca0.142+Mn0.022+Fe0.843+) [Ca0.362+Mn0.482+Fe1.163+] 2.313 1.365 2.268 1.279 

 0.6 (Ca0.142+Fe0.863+) [Ca0.462+Mn0.42+Fe1.143+] 2.125 1.364 2.125 1.365 

 0.8 (Ca0.132+Mn0.092+Fe0.783+) [Ca0.672+Mn0.112+Fe1.223+] 2.047 1.488 2.006 1.424 

 1 (Ca0.392+Fe0.613+) [Ca0.612+Fe1.393+] 2.667 1.125 2.673 1.142 

 

100 °C 
0 (Mn0.72+Fe0.33+) [Mn0.32+Fe1.73+] 2.304 1.242 2.283 1.187 

 1 (Ca0.232+Fe0.773+) [Ca0.772+Fe1.233+] 2.180 1.257 2.214 1.319 
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Raman spectroscopy of calcium and manganese ferrites 

 

Figure S5. Comparison of the Raman scattering spectra of the manganese- and/or calcium-doped ferrites 

obtained at 90 °C. 

 

Table S4. Raman shifts (cm-1) obtained from the fitting of Lorentzian bands to the Raman spectra.  

 
Temperature x value A1g(1) A1g(2) T2g(2) Eg T2g(1) 

 

 

90 °C 

0 670 604 444 326 124 

 0.1 669 586 446 348 139 

 0.2 657 579 459 359 145 

 0.3 671 605 457 345 148 

 0.4 671 600 450 332 124 

 0.5 670 590 450 331 127 

 0.6 669 594 449 332 144 

 0.8 655 565 430 349 145 

 1 669 560 420 345 108 

 
100 °C 

0 670 605 445 332 121 

 1 674 539 447 343 107 
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The increasing content of Ca2+ ions was accompanied with changes in the Raman spectra that 

closely relate with the dependence of the lattice parameter on its content. For instance, the spectra 

bands progressively broaden from x = 0 to x = 0.3, which is associated with a decrease of the 

crystallite size as reported in other calcium-doped ferrites [6]. Concomitantly, there is a steep 

decrease of the lattice parameter that has been reported to occur for larger Ca2+ content [7], and 

consequently a slight increase of the crystal density. The increase of Ca2+ content to x = 0.4 led to 

an increased particle size and relaxation of the lattice parameter, producing intense and sharper 

signals like the sample with x = 0. In line with other reports [7], an increase of the lattice parameter 

occurred for an increased calcium content in the tetrahedral sites. Further increase of the Ca2+ ions 

content is again accompanied with a decrease of the lattice parameter, particle size and crystallite 

density (reaching the lowest at x = 1), which consequently led to an incremental decrease, red-

shift and broadening of the Raman bands. Nonetheless, the general red-shift with the incremental 

Ca2+ content can be associated with its incorporation leading to a smaller effective force 

constant/effect mass at A and B sites. At the larger calcium concentration, the increase of particle 

size resulted in sharper Raman band, and an Eg band more intense than the remaining 

contributions, which has also been reported for other partially inverted metal-doped ferrites [8,9]. 

Besides, considering that the A1g and T2g bands are mainly associated with the oxygen motion in 

the A and B sites, respectively, the results further suggest that the increasing Ca2+ content from 

x = 0 to x = 0.3 forces the migration of Fe3+ from A to B sites, which is also observed at a Ca2+ 

content of x = 0.8 and x = 1 and in close qualitative agreement with the estimated cation 

distribution from XRD. 
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Optical properties 

 

Figure S6. Tauc plots obtained for the manganese- and/or calcium-doped ferrites obtained at 90 °C and 

100 °C. 

 

Dynamic light scattering correlograms 

 

Figure S7. DLS correlograms obtained for the manganese- and/or calcium-doped ferrites obtained at 90 °C 

(from x = 0 to x = 1) and 100 °C (x = 0 and x = 1). 
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Magnetic properties 

 

Figure S8. Magnetization dependence on the applied magnetic field obtained for the manganese- and/or 

calcium-doped ferrites obtained at 90 °C (from x = 0 to x = 1) and 100 °C (x = 0 and x = 1) measured at 5 K, 

300 K and 380 K. Inset: Magnetization dependence at lower applied magnetic fields. 
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Table S5. Experimentally determined magnetic properties measured at 5 K, 300 K and 380 K: 

saturation magnetization (MS); remnant magnetization (MR); squareness (MR/MS); coercivity (HC). 

In general, the Hc values at 300 K and 380 K were obtained near or below the experimental error, 

thus being considered meaningless. 

 
Synthesis temperature x value T (K) 

MS 

(Am2/kg) 

HC  

(kA/m) 

MR 

(Am2/kg) 
MR/MS 

 

 

90 °C 

0 

5 70 6.53 15.1 0.2157 

 300 42.1 0.32 0.6 0.0143 

 380 35.7 0.08 0.1 0.0028 

 

0.1 

5 58 3.26 16.0 0.2759 

 300 36.0 0.08 0.2 0.0056 

 380 29.3 0.08 0.1 0.0034 

 

0.2 

5 43.0 2.39 9.7 0.2256 

 300 24.8 0.16 0.04 0.0016 

 380 19.5 0.16 0.02 0.0010 

 

0.3 

5 22.0 0.56 0.8 0.0364 

 300 9.4 0.08 0.004 0.0004 

 380 6.8 0.08 0.002 0.0003 

 

0.4 

5 63 4.93 19 0.3016 

 300 40.8 0.16 0.2 0.0049 

 380 33.8 0.16 0.1 0.0030 

 

0.5 

5 45 5.81 12.1 0.2689 

 300 30.9 0.16 0.07 0.0023 

 380 25.6 0.16 0.04 0.0016 

 

0.6 

5 56 5.89 15.4 0.2750 

 300 36.9 0.08 0.2 0.0054 

 380 30.8 0.08 0.1 0.0032 

 

0.8 

5 26.9 7.32 5 0.1859 

 300 15.5 0.08 0.008 0.0005 

 380 12.2 0.08 0.004 0.0003 

 

1 

5 57 8.99 14.1 0.2474 

 300 45.2 0.16 0.2 0.0044 

 380 41.0 0.08 0.2 0.0049 

 

100 °C 

0 

5 73 4.85 16.4 0.2247 

 300 48.6 0.08 0.2 0.0041 

 380 41.4 0.08 0.1 0.0024 

 

1 

5 60.4 5.73 14 0.2318 

 300 46.7 0.16 0.2 0.0043 

 380 42.4 0.16 0.2 0.0047 
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Figure S9. Dependence of (A) the experimental (inverted triangle) at 5 K and theoretical (open circles) 

magnetic moment, (B) Yafet-Kittel angle, and (C) coercivity measured at 5 K on the Ca/Mn content for the 

particles synthesised at 90 °C (black tringles) and 100 °C (red triangles). 

To assess the impact of the composition and cation distribution on the magnetic properties, the 

magnetic moment of the particles was initially estimated according to the Néel’s two-sublattice 

model of ferrimagnetic particles. In this model, the magnetic moments of ions on the tetrahedral 

and octahedral sites are collinear and antiparallel. The theoretical magnetic moment per formula 

unit µ𝐵 (𝑛𝐵) was calculated from the XRD estimated cation distribution, and is described as [5,10]: 

𝑛𝐵 = 𝑀𝐵(𝑥) − 𝑀𝐴(𝑥) (S3) 

in which 𝑀𝐴(𝑥) and 𝑀𝐵(𝑥) are the A and B sublattice magnetic moments, respectively. The 

magnetic moment of Ca2+ was considered to be 0 µ𝐵, while both Fe3+ and Mn2+ were 5 µ𝐵 . The 

experimental net magnetic moment per formula unit were determined by the relation [11]: 

𝑛𝐵 =  
𝑀𝑊 × 𝑀𝑆

5585
  (S4) 

where 𝑀𝑊 is the molecular weight, 𝑀𝑆 is saturation magnetization, and 5585 is the magnetic 

factor. The profile of the theoretical particle moments calculated from the estimated XRD cation 

distribution are in close agreement with the experimental values calculated from the saturation 

magnetization. Hence, the decrease of the saturation magnetization for a Ca2+ content x up to 0.3 

can be ascribed to its preferential localization to the B sites, thus reducing the resulting magnetic 

moment. Further Ca2+ increase promoted its distribution to the A sites and forced the migration 

of Fe3+ to the B sites, leading to a strong increase of the magnetic moment, which progressively 

decreases afterwards owing to the increasing accumulation of Ca2+ in the B-sites. When the Ca2+ 

content reaches x = 1, its redistribution between to the A sites led to a re-increase of the magnetic 

moment. Noticeably, the theoretical estimate matches the experimentally obtained magnetic 

moment of the CaFe2O4 particles synthesised at 100 °C, which suggest that these particles can be 

well described by the Néel model. On the other hand, the remaining cation distributions indicated 

that magnetic ordering might deviate from the Néel-type ordering, in which the B sites magnetic 

moment was significantly larger than in the A sites. The obtained difference could be related to 

the small particle size leading to surface and local spin canting effects. Recently, Yafet-Kittel 

sublattice model has been employed in several works to explain the deviations [5,7,10–12]. In this 

mode, a weakening of the A-B super-exchange interaction and strengthening of the B-B 
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interaction leads to the existence of non-collinear B sub-lattices anti-parallel to the A sites 

magnetic moments, in which the magnetic moment per formula unit µ𝐵 is described as: 

𝑛𝐵 = 𝑀𝐵(𝑥) cos 𝜃𝑌𝐾 − 𝑀𝐴(𝑥) (S5) 

where 𝜃𝑌𝐾 is the Yafet-Kittel angle. The increase of the B-B interaction and consequently, the 

canting angle, as a result of Fe3+ migration to B sites has been suggested for other calcium-doped 

ferrites [7,13].  Oppositely, an increasing content of Mn2+ in substitution of diamagnetic ions (such 

as Mg2+ and Zn2+) has been reported to increase the A-B super-exchange interaction, thus 

promoting the Néel’s type magnetic ordering [14], while an increase has been reported in other 

ferrites as a result of localization of diamagnetic ions in the A-sites and/or occupation of B-sites 

by Mn2+ [15,16]. In the present work, the experimental MnFe2O4 magnetic moment did not agree 

with the Néel model, which suggest that the particles might indeed display canted magnetic 

moments in the B sites and be better described by the Yafet-Kittel sublattice model. From the 

cation distribution, the progressive accumulation of Fe3+ in the B sites with the Ca2+ content x from 

0 until 0.4 would be expected to induce a larger canted angle, while the progressive accumulation 

of Ca2+ in the B sites until 0.6 would reduce the B-B interaction and consequently diminish the 

canted angle. The Ca2+ content increase from 0.6 to 1 is again accompanied by migration of Fe3+ to 

the B-sites, thus leading to a re-increase of the canted angle as displayed in figure S9B. Despite 

the non-linear dependence of the magnetic properties on the Ca2+/Mn2+ ratio, the results clearly 

suggest that the ratio and the synthesis conditions not only influence the size, morphology, and 

cation distribution, but also the magnetic ordering.  
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Figure S10. FC and ZFC curves under a field of 7.96 kA/m and calculated blocking temperature obtained 

for the manganese- and/or calcium-doped ferrites obtained at 90 °C (from x = 0 to x = 1) and 100 °C (x = 0 

and x = 1).  
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