
 
 

   

General Rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights. 

 • Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
 • You may not further distribute the material or use it for any profit-making activity or commercial gain  
• You may freely distribute the URL identifying the publication in the public portal 

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and 
investigate your claim. 
 
If the document is published under a Creative Commons license, this applies instead of the general rights. 

This coversheet template is made available by AU Library 
Version 2.0, December 2017 

 

Coversheet 
 
This is the accepted manuscript (post-print version) of the article. 
Contentwise, the accepted manuscript version is identical to the final published version, but there may 
be differences in typography and layout.  
 
How to cite this publication 
Please cite the final published version: 
 
Jennifer Hölscher et al 2020 J. Phys. D: Appl. Phys. 53 474002 

Publication metadata 
 
Title: Controlling structural and magnetic properties of SrFe12O19 nanoplatelets by 

synthesis route and calcination time 
Author(s): Jennifer Hölscher, Matilde Saura-Múzquiz, Jakob Ahlburg, Mathias Mørch, 

Didrik Konow Grønseth and Mogens Christensen 
Journal: Journal of Physics D: Applied Physics  
DOI/Link: 10.1088/1361-6463/abaae1 
 

 

 
 

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License. 

https://iopscience.iop.org/journal/0022-3727
https://doi.org/10.1088/1361-6463/abaae1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

1 

 

Controlling structural and magnetic properties of SrFe12O19 nanoplatelets by 

synthesis route and calcination time 

Jennifer Hölscher,a Matilde Saura-Múzquiz,a,b Jakob Ahlburg,a Mathias Mørch,a Didrik Konow Grønseth,a 

Mogens Christensena* 

a Center for Materials Crystallography, Department of Chemistry and Interdisciplinary Nanoscience Centre 

(iNANO), Aarhus University, Langelandsgade 140, DK-8000 Aarhus C, Denmark 

b School of Chemistry, The University of Sydney, F11, Sydney, NSW, 2006, Australia 

*Corresponding author: mch@chem.au.dk 

Abstract 

Nanocrystalline platelets of Sr hexaferrite, SrFe12O19, were prepared by four techniques (two hydrothermal 

and two sol-gel techniques) and calcined at 1000 °C for 1 h, 2 h, 4 h, 8 h and 16 h. The microstructure of 

these samples was analyzed using Rietveld refinements of high-resolution synchrotron powder X-ray 

diffraction (PXRD) data, and the obtained results were correlated with the magnetic properties obtained 

from vibrating sample magnetometer (VSM) measurements. The calcination treatment causes the 

crystallites to preferentially grow along the c-axis, leading to more isotropic crystallites. Moreover, the 

microstructural changes induced by calcination alter the magnetic properties, yielding higher saturation 

magnetizations in all samples. The attained coercivity is correlated with the crystallite size along the width 

of the platelets. Despite the pronounced changes of the microstructure and the magnetic properties after 

calcination, the calcination duration has a minor effect on the properties, i.e. in most cases steady state is 

obtained after 1 hour. The starting material has a profound impact on the microstructural change during 

calcination, despite the high calcination temperature. 

Introduction 

Permanent magnets are key components in a large variety of widely used devices, including computers, 

loudspeakers, electronics, and cars, but are also essential for applications such as the generation of energy 

from alternative sources, including wind turbines and energy storage systems.[1, 2] Many of these 

applications rely on Nd-Fe-B magnets.[1, 3] Nd-Fe-B magnets display a large maximum energy product, 

BHmax, which is the figure of merit for permanent magnets, but are challenged by environmental concerns 
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and price fluctuations due to geopolitical issues.[1, 3] Therefore, magnetic materials that can replace rare-

earth containing magnets are in high demand.[4, 5] 

A possible candidate for the replacement of Nd-Fe-B magnets is nanostructured M-type Sr hexaferrite, 

SrFe12O19, which consists of abundant and affordable elements. Hexaferrites represent 85% of the world 

magnet market by weight, highlighting their economic importance in spite of their relative low performance 

compared with Nd-Fe-B magnets.[1] SrFe12O19 crystallizes in the space group P63/mmc, which is displayed in 

Figure 1, along with a representation of the hexagonal platelet shape of a typical SrFe12O19 crystallite. The 

unit cell of SrFe12O19 exhibits a high magnetocrystalline anisotropy of 3.57∙105 Jm-3 with the magnetic easy 

axis being along the c-axis.[6] The theoretical value of BHmax for SrFe12O19 is 45 kJ m-3.[7] However, 

commercial SrFe12O19 magnets typically reach maximum values of up to 34 kJ m-3.[7, 8] One approach to 

attain BHmax values closer to the theoretical one is to consider the strong dependency of the coercivity on 

the crystallite size.[9] If the crystallite size is reduced down to the critical single domain size, i.e. to the size 

where the crystallites consist of a single magnetic domain, magnetization reversal can only occur via 

coherent spin rotation of all moments within the crystallite. This mechanism of magnetization reversal, in 

which all spins rotate at the same time, requires a high field and thus leads to crystallites with a high 

coercivity. In contrast, larger crystallites consisting of multiple magnetic domains can shift the direction of 

the spins by domain wall motion. Consequently, the energy barrier to magnetization reversal is lowered 

and the coercivity of the system is reduced. Within the single domain size, the energy barrier for spin 

rotation is dependent on crystallite volume. Below a certain crystallite size, the crystallites become 

superparamagnetic and the coercivity approaches zero. Therefore, single domain crystallites in the upper 

limit of the single domain size region, i.e., close to the critical single-domain size, are favorable in order to 

maximize the coercivity.[7] The exact value of the critical single-domain size depends on the composition 

and morphology of the material. In the case of SrFe12O19, which crystallizes into hexagonal platelets, both 

the width of the crystallite and its thickness have to be taken into account. For crystallite thicknesses of 

62 nm, a critical single-domain size of SrFe12O19 platelets of 282 nm in diameter has been calculated for 

platelet-shaped crystallites.[7] The strong size dependence of the coercivity illustrates that precise control 

of the crystallite size and shape are key to optimizing the magnetic properties of Sr hexaferrite. 
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Figure 1: a) Illustration of the crystal structure of SrFe12O19. The Sr atoms are shown in orange, and the sites occupied by 
Fe are all displayed with different colors depending on their coordination. Tetrahedral sites (4f1) in light blue, 
bipyramidal sites (2b) in dark blue and octahedral sites, 12k in green, 4f2 in turquoise and 2a in purple. The figure is 
made with the program VESTA.[10] b) Schematic drawing of a platelet, indicating the crystallite size along the a,b- and 
c-axes. 

Another factor than can affect the coercivity of SrFe12O19 nanoplatelets is shape anisotropy. Due to the self-

demagnetizing field, particles with a low aspect ratio (Da,b/Dc < 1) have a higher coercivity compared to thin 

platelets. 

Crystallites typically grow during calcination processes. Therefore, calcination can be used to attain 

crystallite sizes close to the critical single-domain size, and thus optimize the magnetic properties of the 

compound. In order to do so, in-depth knowledge about the evolution of crystallite size and shape during 

calcination is paramount. In the literature, many studies deal with the influence of the calcination 

temperature, showing that higher temperatures lead to more crystallite growth.[7, 11, 12] However, 

increasing calcination time may also affects magnetic materials, by an increase in crystallinity and a further 
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increase in crystallite size. Only few studies in the literature deal with the calcination time, and only cover a 

small range of durations or vary the duration and the temperature at the same time.[7, 11, 12] 

Furthermore, the influence of the starting crystallite size and shape is not generally considered, although it 

could play a role on the microstructural changes during calcination. The crystallite size, shape and 

properties of as-synthesized SrFe12O19 nanoparticles directly depend on the choice of the synthesis 

technique.[13–16] Furthermore, as we have recently reported, the differences in particle morphology 

dramatically change the self-induced texture and in turn magnetic performance of sintered magnets.[17] 

Therefore, an investigation of the microstructural changes during calcination, both as a function of time 

and synthesis technique, is required in order to optimize calcination procedures and maximize the 

magnetic properties of magnetic materials. 

In this study, SrFe12O19 nanoparticles were synthesized by four different techniques; two of them 

hydrothermally, using an autoclave and a continuous flow reactor, and the other two via a conventional 

and a modified sol-gel technique. The as-synthesized samples were calcined at 1000 °C for different 

durations (1 h, 2 h, 4 h, 8 h, and 16 h). Using Rietveld refinements of synchrotron powder X-ray diffraction 

(PXRD) data, the nano- and microstructure of the four samples was described, providing quantitative 

results of large sample volumes. Moreover, the microstructural changes were related to the magnetic 

properties measured via vibrating sample magnetometry. This work illustrates how different syntheses and 

calcination times affect a material’s structural and physical properties. 

Experimental 

Sample preparation 

Four different synthesis strategies were used for the synthesis of as-synthesized SrFe12O19, including 

hydrothermal syntheses in an autoclave (AC) and in a continuous flow reactor (FL), and sol-gel techniques 

following a conventional sol-gel synthesis (CSG) and a modified sol-gel synthesis (MSG). 

The hydrothermal synthesis in the autoclave was conducted via a co-precipitation route.[13] A precursor 

mixture consisting of 2 M aqueous solutions of Fe and Sr nitrates in a Fe3+/Sr2+ molar ratio of 7.5:1 was 

prepared and introduced in a 170 mL Teflon® lined steel autoclave. A 50 mol% excess of 16 M NaOH 

compared to the molar amount of NO3
-
 was added under constant magnetic stirring to ensure the alkaline 

conditions needed for the precipitation of metal hydroxides. The autoclave was then placed in a preheated 

oven at 240 °C for 3 h. After this, the autoclave was quenched to ambient temperatures and the product 

was washed four times, first with water, then with 4 M HNO3, and again with water, and finally with 

ethanol. 
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The hydrothermal synthesis in the flow reactor was conducted based on a previously reported study.[16] Fe 

and Sr nitrate were mixed in a Fe3+/Sr2+ molar ratio of 1:1 yielding a final Fe nitrate concentration of 0.05 M. 

To this, KOH was added drop-wise, in twice the molar amount than the NO3
- present. The synthesis was 

subsequently carried out at 390 °C and 250 bar with a pressurized water flow in the flow reactor. The 

product was decanted and sequentially washed and centrifuged with water, 4 M HNO4 and ethanol. 

For the conventional sol-gel synthesis, Fe and Sr nitrates were dissolved in a Fe3+/Sr2+ molar ratio of 11.5 in 

25 mL of water, so that the final Sr concentration was approximately 0.12 M.[14] Citric acid equal to the 

molar amounts of Fe and Sr was added to the solution, the mixture was neutralized with NH4OH. The 

solution was dried to a gel at 90 °C and afterwards heated to 250 °C resulting in the autocombustion. 

Finally, the autocombusted powder was placed in an alumina crucible and calcined in a furnace for 30 min 

at 925 °C. 

The modified sol-gel synthesis was prepared as previously described by Eikeland et al. [14] Sr and Fe 

chloride were dissolved in water, yielding a Sr2+ concentration of 0.08 M with a Fe3+/Sr2+ ratio of 12:1. A 

1.2 M solution of Na2CO3 was added to the Fe-Sr solution under continuous stirring on a heating plate at 

90 °C, in a molar ratio of Na2CO3 to the metal ions of 1.5:1. Afterwards, 5.3 M citric acid solution was added, 

at a molar ratio of citric acid to Na2CO3 of 1.5:1. The solution was dried to a gel at 120 °C, after which it was 

heated for 1 h at 450 °C and finally calcined at 790 °C for 1 h. The resulting powder was washed six times 

with deionized water to remove NaCl and dried for 24 h at 80 °C.  

After the syntheses, the Sr-hexaferrite powders were cold-pressed into pellets and calcined in air at 1000 °C 

for 1 h, 2 h, 4 h, 8 h and 16 h, respectively. The calcined pellets were then crushed for their 

characterization. 

Powder diffraction experiments 

PXRD data were collected at BM31, ESRF, France, at a wavelength of 0.4939 Å using a Dexela 2D detector. 

The ground samples were loaded into glass capillaries with 0.4 mm diameter. Rietveld refinements of the 

data were performed using the software FullProf suite. [18] For the correction of the instrumental 

contribution to the peak broadening, an instrumental resolution file (.irf) was used, based on the 

refinement of a NIST LaB6 660b standard sample measured under identical conditions. The peak profile was 

described using a Thompson-Cox-Hastings pseudo-Voigt peak profile,[19] while the background was 

described by Chebyshev polynomials. Scale factors, lattice parameters, zero-point offsets, and isotropic 

Debye-Waller factors Boverall were refined. SrFe12O19 occurs as nanoplatelets, therefore both Y and Sz size 

parameters were refined to account for peak broadening due to the crystallite shape. The anisotropic 

crystallite shape was described by the Platelets Vector Size model along the c-axis, using the vector (001) as 
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the characteristic platelet vector. The preferred orientation of the SrFe12O19 phase was refined using the 

March-Dollase function.[20] The detailed values extracted from the Rietveld refinements can be found in 

Tables S1-S4 the Supplementary material. 

Magnetic measurements 

The field dependent magnetization of the samples was measured using a vibrating sample magnetometer 

option on a Quantum Design Physical Property Measurement System (PPMS) at 300 K using a field of ±3 T. 

The as-synthesized powders were compacted into a pellet of 3 mm in diameter, with an approximate 

weight of 10-25 mg using a handheld press. Calcined samples were mixed homogeneously with wax for 

better adhesion and then pressed into a pellet using the same press. Both the weight of sample and of wax 

were measured before mixing, so that the amount of sample in the final pellet could be determined.  

Results and discussion 

Phase identification 

As-synthesized samples 

X-ray powder diffraction (PXRD) reveals that all as-prepared samples consist mostly of M-type SrFe12O19, as 

shown along with the refined model in Figure 2. The high resolution synchrotron data reveal that AC, CSG 

and MSG samples consist besides the main phase of <2 wt.% α-Fe2O3 (space group R-3c), while the as-

synthesized FL sample appears phase-pure. To describe the peak profile of the as-synthesized FL sample 

adequately, a second SrFe12O19 phase was implemented in the Rietveld refinement. The two SrFe12O19 

phases accounts for a bimodal size distribution, where one phase model accounts for very small crystallites, 

while the other phase describes the large crystallites.[16] The phase exhibiting the smaller crystallites is the 

most abundant phase (80(2) wt.%) and it will be used hereafter as the representative SrFe12O19 phase in the 

as-synthesized FL sample. The lattice parameters of SrFe12O19 vary around a = 5.879(5) Å and c = 22.99(8) Å. 

This is slightly lower than values reported for SrFe12O19 single crystals (a = 5.8844(6) Å and c = 23.050(3) Å). 

[21] All refined values, including minority phases, can be found in the Supplementary material. 
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Figure 2: High-resolution PXRD patterns of as-synthesized SrFe12O19 nanocrystallites, synthesized with different techniques: 
autoclave (AC), flow reactor (FL), conventional sol-gel synthesis (CSG) and modified sol-gel synthesis (MSG). 

Calcined samples 

After calcination, CSG and MSG samples appear to be phase pure (Figure 3). Calcined FL samples consist of 

SrFe12O19 as the main phase and of 13-16 wt.% α-Fe2O3, but no systematic variations in the amount of α-

Fe2O3 as a function of the calcination time are observed. In addition, the SrFe12O19 peaks in the calcined FL 

samples can be modelled with only one hexaferrite phase, indicating a loss of the bimodal size distribution 

observed in the as-synthesized sample. Calcined AC samples consist of SrFe12O19 and an impurity that 

cannot be identified from the PXRD pattern (Figure 3, more information on the phase can be found in the 

Supplementary material). The impurity can be observed for all calcination times, however, due to the 

impurity phase being unknown, its exact amount cannot routinely be determined, but it is clearly a minority 

phase of perhaps around 5 wt.%. The unidentified phase causes the AC data to have relative large Rwp and 

RF values and relative large residual (Iobs-Icalc). 
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Figure 3: High-resolution PXRD patterns of SrFe12O19 nanocrystallites after calcination for 1 h, synthesized with different techniques: 
autoclave (AC), flow reactor (FL), conventional sol-gel synthesis (CSG) and modified sol-gel synthesis (MSG. 

Microstructure 

Peak broadening indicating crystallites on the nanoscale can be observed for as-synthesized and calcined 

samples. However, (hk0) and (00l) reflections exhibit pronounced differences in the broadening. The 

difference in broadening indicates that the crystallites are larger along the a- and b-axes than along the c-

axis. From the Rietveld refinement, two crystallite sizes were therefore extracted for the SrFe12O19 phase of 

each PXRD pattern, one crystallite size along the a,b-axes, Da,b, describing the diameter of the platelet, and 

one crystallite size along the c-axis, Dc, describing the thickness of the platelet, as indicated in Figure 1b. 

The preferred orientation of all samples was found to be negligible, as it varies closely around 1. This 

confirms that the crystallites were indeed randomly oriented in the measured powder sample.  

Figure 4 shows the refined crystallite sizes of SrFe12O19 as a function of the calcination time for the four 

samples prepared with different techniques. Exact values of crystallite sizes and volumes are displayed in 

Tables S1-S4 and Figure S1 in the Supplementary material. The observed larger errors of Dc in AC samples 

compared to the rest may arise from the exclusion of the angular regions containing strong peaks of the 

impurity phase in the Rietveld refinements. The crystallite sizes of the as-synthesized samples vary over a 
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wide range depending on the synthesis technique, attaining values of Da,b between 23.6(5) and 123(4) nm 

and of Dc between 2.4(5) and 84(2) nm. Likewise, the crystallite aspect ratios, Da,b/Dc, of the different 

samples cover a wide range (see Figure 5). Crystallites prepared with sol-gel techniques have low aspect 

ratios, from 1.35(4) in as-synthesized CSG to 2.45(6) in as-synthesized MSG. Hydrothermally synthesized 

crystallites, however, exhibit a higher degree of anisotropy, with aspect ratios of 3.3(1) for as-synthesized 

AC and 9.7(3) for as-synthesized FL. Consequently, crystallites prepared with hydrothermal techniques are 

flat and wide, while crystallites prepared with sol-gel techniques are thicker and more isotropic. These 

results verify the strong dependency of the SrFe12O19 microstructure on the synthesis technique as reported 

by Saura-Múzquiz et al.[17] 
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Figure 4: Crystallite sizes of SrFe12O19 prepared with four synthesis techniques and calcined for different times, both in the plane of 
the platelet (Da,b) and along the c-axis (Dc). Synthesis technique from top to bottom: AC, FL, CSG, MSG. The dotted line serves as a 
guide to the eye. 
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Figure 5: Aspect ratio of all SrFe12O19 nanocrystallites depending on calcination time. 

After calcination, the crystallites of all samples have grown along the c-axis. Although some non-systematic 

variations are observed for CSG crystallites, the obtained crystallite sizes of crystallites prepared with all 

techniques are approximately constant for different calcination times. This is in contrast to a literature 

report observing that longer calcination times lead to larger crystallites when crystallites synthesized with a 

FL method are calcined at 1000 °C.[7] An explanation for the difference to our finding are the longer 

calcination times of 20 and 68 h compared to 1 to 16 h in this study. The Da,b of the FL crystallites has 

increased after the calcination, while the Da,b of the AC, CSG and MSG crystallites has decreased. A decrease 

in crystallite size during the calcination of SrFe12O19 nanoplatelets has previously been observed, suggesting 

that it may be a recurring effect in platelet-shaped SrFe12O19 crystallites, with the high temperatures of the 

calcination process leading to the cracking/breaking of the platelets along their longest dimension.[7] In all 

four samples, the as-synthesized crystallites become more isotropic during the calcination step, but the 

extent of this change varies from sample to sample. Due to the crystallites shrinking along Da,b, the aspect 

ratios of CSG and MSG samples change during the first hour of calcination from 1.35(4) to 1.03(4) for CSG 

and from 2.45(6) to 1.18(2) for MSG samples. Similarly, FL crystallites change from having the high aspect 

ratio of 9.7(3) to isotropic crystallites with an aspect ratio of 1.07(3) as they grow along both Da,b and Dc 

during the calcination. However, AC crystallites shrink along Da,b and grow so pronouncedly along Dc that 

they change from an aspect ratio of 3.3(1) to 0.55(8) during the first hour of calcination. This corresponds 

to a modification from a platelet shape to a rod-like crystallite shape with Dc > Da,b. SrFe12O19 platelet 

crystallites reportedly tend to stack on top of each other due to magnetic interactions, and this effect 

seems to be more pronounced as the platelets become larger.[13, 15] The AC sample exhibits the largest 

diameter of all the as-synthesized samples (approximately 120 nm), and thus most likely shows the highest 
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degree of stacking. It is likely that stacked crystallites intergrow into a single crystallite during calcination 

and therefore develop the rod-like shape observed in calcined AC samples.[16] It has been previously 

observed that SrFe12O19 crystallites become more isotropic during calcination, especially for hydrothermally 

synthesized crystallites with Da,b of 1-1.5 µm, where Dc grows during calcination from 30 to above 

100 nm.[22] For all samples, the aspect ratios stay approximately constant for longer calcination times.  

These findings show that calcination pronouncedly changes the crystallite size and shape, but that an 

equilibrium size is reached after only 1 h of calcination, which is maintained over extended calcination 

times of at least up to 16 h. Furthermore, it is confirmed that the microstructure of the starting material 

has a pronounced effect on the final morphology, as it dictates the extent of crystallite growth along the 

different crystallographic directions during calcination. 

Magnetic properties 

Field-dependent magnetization measurements were conducted using a vibrating sample magnetometer. 

The hysteresis curves of all samples are displayed in Figure 6. 

 

Figure 6: Field-dependent magnetic hysteresis curves. 
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From the hysteresis curves, the saturation magnetization (Ms), remanence (Mr), and coercivity (Hc) were 

extracted for all samples (Figure 7, the exact values are tabulated in S6-S9 in the Supplementary material). 

Different Ms are attained by the as-synthesized samples made by different techniques, obtaining higher Ms 

values in samples prepared by sol-gel techniques than those made by hydrothermal synthesis methods. 

Therefore, a range of Ms values is initially obtained, varying between 52.07(1) Am2kg-1 (FL) and 

60.19(1) Am2kg-1 (CSG). Because they are treated at lower temperatures during the synthesis, 

hydrothermally synthesized crystallites may not be as crystalline as those prepared via a sol-gel approach, 

and amorphous phases might be present in the as-synthesized material. Moreover, as smaller crystallites 

have a higher surface/volume ratio, the spin canting effect at the crystallites’ surface becomes more 

significant in smaller crystallites, leading to a reduced Ms. [23] 

 

 

Figure 7: Saturation magnetization Ms (solid symbols), remanence Mr (open symbols) and coercivity Hc of as-synthesized and 
calcined samples. The solid and dotted lines serve as a guide to the eye. 

After the calcination, Ms generally increases, however the large variations between samples calcined for 

different durations suggest that the error of the individual measurements is larger than estimated. This 

makes it difficult to identify clear trends with increasing calcination time. An increase of Ms with increasing 
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calcination time is expected due to crystallite growth, as the surface/volume ratio is lower and the spin 

canting at the crystallites’ surface has a lower impact on the overall magnetization. For the FL samples, this 

effect seems to overcome the opposing effect arising from the amount of α-Fe2O3 appearing during the 

calcination step. Higher Ms after calcination of SrFe12O19 have been observed previously, also likely due to 

higher crystallinity or crystallite growth.[7, 22] The remanence (Mr) increases slightly for FL, CSG and MSG 

samples, while for AC samples, it stays approximately constant (Figure 7).  

The coercivities of the as-synthesized samples mostly reflect the differences in crystallite sizes along the ab-

axis of the platelets. FL crystallites are the smallest and exhibit the lowest Hc while CSG and MSG samples 

have relatively larger crystallites and exhibit larger coercivities. High platelets aspect ratios can favor the 

alignment of the magnetic spin in the plane of the platelet. However, for SrFe12O19 crystallites with high 

aspect ratios, it has previously been shown that the magnetization even in very thin SrFe12O19 platelets is 

along the c-axis due to the magnetocrystalline anisotropy.[24] The AC sample does not follow the trend of 

the relationship between crystallite size and coercivity of the other samples. The reduction of the Hc is most 

likely due to multidomain magnetic domains forming in the thin platelets. According to theoretical 

calculations, for SrFe12O19 platelet crystallites of thicknesses equal to those of the AC sample, the critical 

single domain diameter should be ca. 504 nm. [7, 25] This is well above the 123(4) nm extracted here from 

the Rietveld refinement of PXRD data. However, the refined crystallite size of 123 nm is close to the 

resolution limit for reliable crystallite size determination from line profile analysis of PXRD data.[26, 27] 

Consequently, and in accordance with the lower Hc value, the actual crystallite size of the AC platelets 

might be significantly larger, leading to crystallites comprising several magnetic domains and thus showing 

a reduced coercivity. 

A strong decrease of the coercivity of CSG and MSG samples can be observed after 1 h of calcination. For 

longer calcination times, Hc stays approximately constant. Oppositely, in the case of the FL samples, the 

coercivity increases during the first hour of calcination and stays constant for longer calcination times. Both 

for FL, CSG and MSG samples, the trend of the coercivity follows the change in crystallite size along the a,b-

axis with wider crystallites exhibiting a higher Hc. This indicates that these crystallite sizes are below the 

critical single-domain size, which is consistent with previously reported single-domain sizes of SrFe12O19 

nanoplatelets.[7] For that reason, an increase in crystallite size leads to an increase of the coercivity. The AC 

samples show a different variation of Hc with calcination times. Hc increases during the first hour of 

calcination, after which it slowly decreases, so that as-synthesized samples and those calcined for 8 h and 

16 h have similar Hc values. However, this change cannot be directly correlated to the variation in the 

crystallite sizes along the ab-axis, which initially decrease but then stay practically unchanged after 1 h of 

calcination. The initial increase in coercivity may arise from the reduction of the crystallite size along the 
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ab-axis after 1 h of calcination, which would be consistent with the as-synthesized AC platelets being in fact 

larger than 123(4) nm and in the multidomain size region. In that case, a decrease in crystallite size will lead 

to an increase in coercivity. Furthermore, the presence of the unknown impurity as well as imperfect 

crystallites stemming from the intergrowth of stacked as-synthesized crystallites may compromise domain 

wall motion and thus increase Hc. However, with increasing calcination times, the coercivity decreases to its 

original value. One possible explanation could be that the crystallinity of SrFe12O19 increases. This could 

possibly facilitate domain wall motion and lead to the observed decrease in coercivity. In the literature, 

different trends of Hc after calcination are observed, strongly depending on the starting material. For 

example, an increase of Hc during calcination has been reported for SrFe12O19 nanocrystallites, due to 

crystallite growth.[11, 12] Furthermore, calcination causing first an increase and then a decrease of Hc has 

been reported.[7, 22] Increases in the calcination temperature cause differently pronounced crystallite 

growth in these studies, so that crystallites either grow closer to the critical single-domain size and increase 

Hc or grow beyond the single-domain region, consequently decreasing Hc. For BaFe12O19 crystallites with 

sizes of 1-2 µm, a decrease in Hc is observed, because the crystallite size of the as-synthesized material is 

likely above the limit for single-domain crystallites.[11] 

The magnetic properties we observe are comparable to those reported in the literature for calcined 

SrFe12O19 crystallites.[22, 28–30] Values of Ms up to 76 Am2kg-1 have been reported for SrFe12O19 

crystallites, however, most studies yield lower values around 65-70  Am2kg-1.[22, 28–30] A Hc of 501 kAm-1 

has been observed previously, which is higher than the 376 kAm-1 we observed as the maximum Hc in 

calcined samples (CSG, 16 h).[28] However, a direct comparison of the absolute values can be difficult due 

to the strong effect of the crystallite size on the magnetic properties. Moreover, in a bulk magnet for use in 

applications, the crystallites have to be aligned with a common easy axis. The alignment also tend to affect 

the coercivity. 

Conclusions 

SrFe12O19 magnetic nanoplatelets have been synthesized by four different methods and the structure and 

magnetic properties of the samples have been investigated as a function of synthesis method and 

calcination treatment at 1000 °C for various times. The four as-synthesized samples i.e. by autoclave (AC), 

continuous flow (FL), conventional sol-gel (CSG) and modified sol-gel (MSG) techniques, exhibit platelet-like 

SrFe12O19 nanoparticles of highly different sizes and aspect ratios. The differences in microstructure of the 

as-synthesized materials directly influence their magnetic properties, which vary from sample to sample. 

Calcination of the as-synthesized nanoparticles at 1000 °C for 1 h leads to an increase of the platelet’s 

thickness and a decrease of the platelet’s width for the AC, CSG and MSG samples, while an increase along 
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both axes takes place in the case of the FL. Consequently, the aspect ratio of the nanocrystallites decreases, 

leading to a change in morphology and in turn, in magnetic properties. This is particularly pronounced in 

the case of the AC sample, where the highly anisotropic as-synthesized platelets turn into rod-like 

crystallites after 1 h at 1000 °C. Increasing calcination times have no significant impact on the size and 

shape of the crystallites, indicating that an equilibrium crystallite size and aspect ratio, which vary 

depending on the starting material, is reached after short calcination times < 1 h, and is maintained 

thereafter. A general increase in the saturation magnetization is observed for all samples after calcination, 

most likely due to an increase in crystallinity. The coercivity, however, seems to be highly dependent on the 

crystallite size along the ab-axis. The AC sample is possibly in the multidomain size region, while the 

remaining samples reveal an increase of the platelet’s width leads to an increase of coercivity. This study 

demonstrates that calcination treatment of SrFe12O19 magnetic nanoparticles can be used to modify the 

structural characteristics and, in turn the magnetic properties. However, it also emphasizes the importance 

of the starting material and synthesis method, as it dictates and limits the structural changes induced by 

post-synthesis treatments such as calcination. 
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