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Abstract 
In this experiment students explore the synthesis and physical property characterisation of the 

magnetic material strontium hexaferrite (SrFe12O19). SrFe12O19 crystallites are prepared by a simple, 

but fascinating sol-gel auto-combustion synthesis. The prepared powder is compacted into pellets 

and sintered. By varying the sintering temperature, it is possible to modify the magnetic properties. 

The structural properties of the samples are analysed by powder X-ray diffraction. A tutorial 

demonstrates for the students how powder X-ray diffraction data from the sample combined with 

Rietveld refinement can extract phase purity and crystallite size. The magnetic properties are 

measured using a simple setup with a scale and a strong neodymium-magnet, this gives an intuitive 

understanding of magnetism and how to measure magnetic properties. Additionally, the magnetic 

properties are measured with a vibrating sample magnetometer and compared to the results 

obtained using the simple scale method. The lab exercise can be adapted to different levels of 

education based on the background of the students and the equipment available in the lab. 

 

KEYWORDS: First-Year Undergraduate / General, Inorganic Chemistry, Nanotechnology, Synthesis, 
X-ray Crystallography, Crystals / Crystallography, Magnetic Properties, Laboratory Instruction, 
Hands-On Learning / Manipulatives. 

 

Introduction and background 
In 2020 we celebrated the 200-year anniversary of H.C. Ørsted’s discovery of electromagnetism. 

Since then, magnetic materials have become an indispensable part of society. Today, they are used 

in an overwhelming number of modern electronic devices such as energy conversion devices,1 

household appliances, cellphones,2 magnetic recording,3 etc. In many cases, the device performance 

is strongly dependent on the incorporated magnetic compound. Consequently, the improvement 

and successful miniaturisation of functional devices is highly dependent on improving the properties 

of the magnetic materials used, while limiting the production complexity and cost.4 Unfortunately, 

even though magnetic compounds are crucial in our society and are being researched heavily, the 

classical curriculum in high school chemistry or physics does not include any synthesis of magnetic 

materials and rarely investigates the properties of any synthesised compounds. This is in many cases 

due to lack of proper lab equipment, in particular when it comes to measuring the magnetic 

properties of a material. 
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With the aim of education young scientist in magnetic material several papers have been published 

ranging from focus on Hund’s rule in lathanide(III) containing complexes5 to the synthesis of 

magnetic nanoparticles of iron oxides for e.g. ferrofluids or ferrogels.6 The aim is giving the students 

an understanding of how magnets work and how they can be used. Permanent magnets, which is 

the topic in this paper often depend on the ability to create magnetic nanoparticles, which 

subsequently are compacted into a bulk magnet. Thus, it is necessary for the students to require an 

understanding of how to investigate crystal structure and crystal morphology. Focus on educational 

introduction into nanoparticle characterisation can be found in the paper by A. Vahedi et al.7 

Additionally structural analysis using powder x-ray diffraction through Rietveld refinement has been 

addressed in an easy and simple manor by J. Evans et al. using excel.8 

The present experiment aim to link the understanding of magnetic properties to the materials 

structure and morphology. The students will get hands-on experience on how to prepare SrFe12O19 

magnets and characterize their structure and magnetic properties following three simple steps: (1) 

Synthesis of nanocrystalline SrFe12O19 using sol-gel auto-combustion and calcination. (2) Compaction 

and sintering of powder to produce a dense and mechanically stable magnet. (3) Finally, the 

students analyse the structural features of the produced samples using powder X-ray diffraction 

data (PXRD) and Rietveld refinement, plus measuring the magnetic properties using a simple scale 

setup and a strong neodymium-magnet. By varying the sintering temperature, it is possible to alter 

the crystallite size and consequently affect the coercivity. The sample crystallite size can be 

extracted from refinements of the PXRD data and the magnetic properties can be measured with a 

vibrating sample magnetometer (VSM), in addition to the scale method, if available. 

The simplicity of the experiment allow the students to get an exciting hands-on experience with 

making a real magnet, from mixing solvents to producing the magnet. Furthermore, it gives an 

introduction to magnetism, how it can be measured and how it relates to the structural 

characteristics of the magnetic material. The experiment has been successfully used as part of the 

curriculum in the bachelor course “Experimental Material Chemistry” at Aarhus University and can 

be performed without any special equipment at high schools or colleges. The experiment has been 

carried out by over 100 students over the course of 6 years. In a recent student evaluations 86% of 

the students rate the hexaferrite exercise as the best experiment out of 10 experiments undertaken 

in the course, which covers topics such as perovskite solar cells,9 superconductors, thermoelectrics, 

and hydrogen storage materials. 

In our experience, both students and teachers are very impressed the first time they witness an 

auto-combustion reaction, mainly because it includes a subtle fire and a visible transformation of the 

sample during the combustion. The evaluate has included student comments such as: “The most 

extraordinary and spectacular reaction of them all” and “It gave a good understanding of how 

magnetism works”. According to the “Law of Charmodynamics” presented by R. W. Ramette10 this is 

indeed an “Exocharmic reaction”, an experiment with enough charm that the students will not easily 

forget what they have witnessed.  

Pedagogical goals 
The experiment is aiming at advanced inorganic chemistry or solid state physics laboratory exercises 

at the higher ISCED (International Standard Classification of Education) level 3 (gymnasium) and at 

ISCED level 4, 5 and 6 (bachelor level) according to the European education system.11 It is designed 

to simulate a real research environment where the students will plan and execute their own 

experiments under the supervision of the instructor. The students will be exposed to the use of a 
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solid-state synthesis method for the preparation of a functional material. By using PXRD analysis, the 

students will experience, how inorganic materials are structurally characterized and through 

magnetic measurement they will see first-hand, magnetic forces in action. The pedagogical goals of 

the experiment are: 

 The students are familiarized with working in a research environment and using lab 

equipment to execute a sol-gel auto-combustion synthesis. 

 The students are introduced to the basic concepts of crystallography. They will be able to 

characterize inorganic materials using PXRD and learn how to interpret a PXRD pattern 

based on a hexagonal unit cell. 

 The students are able to measure magnetic properties using a simple scale setup and they 

are able to interpret a magnetic hysteresis loop. 

 The students are able to plan, time, and carry out their own experiment. 

 The students gain experience on writing a scientific report on the performed experiment. 

Experimental 
Due to the nature of the experiment, two lab sessions of 4h/session are required to complete the 

exercise. The students could work individually or in teams of 2-3 students. The experiment has two 

main parts spread across the sessions; The preparation of SrFe12O19 magnets, involving the synthesis 

and compaction of SrFe12O19 crystallites, and the characterization of the SrFe12O19 synthesised 

product. 

Synthesis of SrFe12O19 nanoparticles 

 
Figure 1: Auto combustion of the Fe(NO3)3∙9H2O and Sr(NO3)2 solution carried out at 240°C. Video on youtube: 

https://youtu.be/px4nwZUz1DU. 

In a borosilicate glass crystallizing dish; Fe(NO3)3∙9H2O, Sr(NO3)2, and citric acid monohydrate 

powders are mixed and dissolved in a minimum amount of demineralised water to form a clear 

brownish solution. Subsequently, the pH of the mixture is adjusted to 6-7 by adding NH4OH (2M) 

drop wise under constant stirring. At this point the solution becomes more viscous and gel-like. The 

neutralised gel is dried at 130 C until a completely dry brown porous solid is formed. Once dried, 

the auto-combustion reaction is initiated by increasing the temperature to 250 C. This leads to self-
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ignition and burning of the powder, which forms a porous grey ash as seen in Figure 1. The product 

is ground into a fine powder and transferred to an alumina or quartz crucible. The powder is then 

calcined at 925 C for 30 min in a preheated furnace to form the SrFe12O19 nanoparticles. The sample 

is subsequently left to cool in air. To produce a bulk magnet, the raw powder is cold pressed into 

three 6 mm pellets with a thickness of around 2 mm. The pellets are returned to the high-

temperature furnace to be sintered for 2 hours to form mechanically stable samples, using the heat 

ramp shown below. The set temperature is different for each pellet, in order to influence the 

coercivity of the final pellet. Temperatures used are 1100 C, 1150 C and 1200 C, respectively. 
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In a class situation, each student team will produce only one sample using a specific sintering 

temperature. The data obtained by each team will be shared with the rest of the class to allow each 

team to evaluate the influence of sintering temperature on the properties of the product. If the class 

consists of more than 3 teams, the temperature range, temperature steps or holding time can be 

varied to provide a wider range of samples. Alternatively, multiple teams can sinter their sample at 

the same temperature and time, this will add an element of reproducibility to the experiment. 

Powder X-ray diffraction characterisation 
If available all samples including the raw powder can be analysed using PXRD. This would be useful 

to investigate the crystallite size of the SrFe12O19 crystallites, which has a direct impact on the 

magnetic properties. In the experiment presented here, the PXRD patterns of the three samples 

were collected using a Rigaku Smartlab diffractometer equipped with a Co target (35 kV, 135 mA). 

The X-ray source produces both Co - K and K2 radiation with wavelengths of  = 1.7890 Å and 

1.7929 Å, respectively. The data was modelled using Rietveld refinement12, 13 and the open software 

Fullprof Suite.14 

If an X-ray diffractometer is not available, diffraction data from the present work can be found 

through a link given in the "Associated content". Here the students will also find a small tutorial 

section on how to refine data using the Fullprof Suite software. With these tools it should be 

possible for all students to perform a refinement of PXRD data of SrFe12O19 on their own and extract 

the experimental parameters of interest, here the crystallite size. 

Magnetic measurements 

The main magnetic characterisation technique in this experiment is a simple scale setup, that 

nevertheless allows extraction of the magnetic hysteresis loop. The main focus of the study is the 

change in the coercivity with sintering temperature. If available these results can be compared to 

data obtained using a Vibrating Sample Magnetometer (VSM) or other similar magnetic 

characterisation techniques. 

Scale method 

The scale method exploits the magnetic interactions between a strong neodymium-iron-boron (NIB) 

magnet and the prepared SrFe12O19 sample. By placing the NIB-magnet on a scale while varying the 

distance (z) between the NIB magnet and the SrFe12O19 sample, the magnetic force (FM) experienced 

between the magnets as a function of distance is read out directly on the scale as a weight 

difference (Δm). 



 

In order to determine the applied field 

NIB-magnet is measured as a function of

applied field at any distance, the 

where a is a constant defined by

and b is a positive constant defined

exponential function or point-by

magnetic polarisation (J) of the 

field (dH/dz) in the expression 

 

Equation 1 

 

where g is the gravitational acceleration (

volume is obtained from the sample mass 

details of equation 1 is described in the supporting material.

Measuring the hysteresis loop of 

The magnetic attraction force between

of z, using the setup shown in Figure 

and a number of glass slides are

attached to a wooden rod using

NIB-magnet using a framework 

the distance between the NIB-magnet

on the sample is small and consequently

short distance, the applied field

small distance (high applied field,

distance in steps while recording

maximum distance has been reached

sample or the NIB-magnet by 180

to-NIB-magnet distance. 

a)

Figure 2: a) picture of the scale setup for magnetic measurements

https://youtu.be/rnFCKq_5C9I 

Using equation 1, following by conversion of 

magnetisation Mm, it is now possible to calculate and plot the mass magnetisation 
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In order to determine the applied field (H) experienced by the sample, the field strength 

is measured as a function of distance z, using a Hall probe. In order to determine the 

field at any distance, the (H,z)-data is fitted with an exponential function 

by the fit and change sign when either the magnet or sample is flipped

defined by the fit. The slope (dH/dz) is obtained by

by-point interpolation of the slope of the (H,z

 sample can be calculated by exploiting the derivative

 �� = �� ∙ � = �(��/��)�, 

is the gravitational acceleration (g = 9.81 m∙s-2), and V is the sample 

volume is obtained from the sample mass divided by the density of SrFe12O19 (ρ =

details of equation 1 is described in the supporting material. 

of the prepared sample 

between the NIB-magnet and the sample can be measured

Figure 2. The setup consists of a scale onto which 

are stacked, on top a NIB-magnet is placed. The

using parafilm or tape and the fixed sample is placed

 around the scale. By removing or adding a glass

magnet and the sample is varied. At a large distance

consequently the magnetic attraction force will be 

d is high and the magnetic attractive force is high

field, sample is saturated) a hysteresis loop is obtained

recording the change in weight on the scale for each

reached (low applied field) the field is flipped by

180 followed by a gradual increase in field by a 

b) 

setup for magnetic measurements, b) schematic illustration

Using equation 1, following by conversion of J into the standard unit for magnetisation, mass 

, it is now possible to calculate and plot the mass magnetisation 

the sample, the field strength (µ0H) of the 

. In order to determine the 

data is fitted with an exponential function �(�) = � ∙ ���∙�, 

change sign when either the magnet or sample is flipped 

by differentating the 

z)-curve. Finally, the 

derivative of the applied 

  

sample volume. The sample 

= 5.1 g∙cm-3). Further 

measured as function 

 a non-magnetic box, 

The SrFe12O19 pellet is 

placed directly above the 

glass slides to the stack 

distance the applied field 

 low. Vice versa at a 

high. Starting with a 

tained by increasing the 

each distance. Once the 

by either rotating the 

 decrease in sample-

 

, b) schematic illustration. Video on youtube: 

into the standard unit for magnetisation, mass 

, it is now possible to calculate and plot the mass magnetisation Mm as a function 
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of the magnetic field strength H. It is important to mention that even though the mathematics are 

simple, the conversion of units can be complex. Thus, it is important that the instructor allows time 

to help the students with the calculations. 

Vibrating Sample Magnetometer (VSM) 

In addition to the scale method, the field dependent magnetisation of the samples are measured 

doing a field scan of ±3.0 T using a Quantum Design Physical Property Measuring System (PPMS) 

with the Vibrating Sample Magnetometer (VSM) option. The measurements are conducted using 

and averaging time of 2.0 s and a frequency of 40 Hz.  

Hazards 
Safety goggles and a lab coat must be worn at all times during the experiment. Nitrile or latex gloves 

should be worn when handling chemicals. Consult safety data sheets of all chemicals prior to their 

handling in order to ensure safety procedures and appropriate protective equipment are being used. 

Sr(NO3)2, Fe(NO3)3∙9H2O, NH4OH and citric acid monohydrate are all corrosive and irritant to the skin 

and eyes. The metal salts are all oxidizing and should be kept from any naked flame. NH4OH is a mild 

respiratory irritant and should be handled in a fume hood or point suction, additionally it is harmful 

to aquatic life and should be disposed of appropriately. The auto-combustion reaction happens 

more violently if the suggested temperatures for drying and combustion are exceeded or the NH4OH 

is added to quickly. Thus, the temperature should never exceed 150 C during drying and 250 C 

during the auto-combustion processes, and the NH4OH should be added drop wise. During the auto-

combustion, NOx gasses will evolve, therefore the use of a fume hood or point suction is mandatory. 

When using the high-temperature furnace, protective heatproof gloves and large tongs should be 

used. 

Results and discussion 

Powder X-ray diffraction characterisation 

Each student team collected a PXRD pattern of their as-prepared powder and sintered sample. The 

collected data was modelled using Rietveld refinement to extract the crystallite size and morphology 

of the synthesized material. If an X-ray diffractometer is not available, the students can refine the 

PXRD patterns from the current study, which can be found through the link given under Associated 

content. In order to refine the data and become familiarized with the Fullprof Suite software, the 

students should use the tutorial found in the supporting information. 

PXRD data collected for the sample sintered at 1100 C can be seen in Figure 3 together with the 

Rietveld model. Data and refinements from the remaining samples can be found in the supporting 

information. 
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Figure 3: PXRD data (red) and Rietveld model (black) of the sample sintered at 1100C. The blue line is the 

residual between data and model. 

The obtained parameters of interest from the Rietveld refinement are shared among the teams and 

can be seen in Table 1. By sharing the data, it is possible for each team to evaluate the trends in 

crystallite size as a function of sintering temperature. The data show that the DA,B-plane is larger 

than the DC size along the c-axis for both the non-sintered raw powder as well as the sintered 

powder. This indicates that the particles are initially platy-like, and they remain so after sintering. 

Both the DA,B and the DC grow with increasing sintering temperature. It should be noted that the 

calculated crystallite sizes are exceeding the size where absolute size determination is trustworthy 

(approximately 100 nm).15 Even though the absolute values of the presented calculated crystallite 

sizes cannot be trusted, the observed trend is reliable i.e. the crystallites are increasing in size with 

increasing temperature. 

 

Table 1. Comparison of Average Crystallite Sizes Obtained from Experimental Resultsa 

Sample Sintering 
Temperature, C 

Crystallite Size by Plane, nm Coercivity Value by Method, Hc, 
kA/m 

DA,B DC VSM Scale 

Raw 151 83 — — 

1100 530 367 297 254 

1150 767 405 230 205 

1200 2120 644 157 153 

aResults obtained using the Rietveld refinement of the PXRD data and coercivity values from 
both VSM and the scale method for three samples sintered at different temperatures. 

Magnetic characterisation: 

Each student team measured the magnetic properties of their specific sample using both a VSM and 

the scale method, the magnetic data can be seen in Figure 4. The data from all teams were shared 

with the class allowing each team to analyse a series of samples sintered at different temperatures. 

Not surprisingly, the quality of the VSM data is remarkably better than that of the scale method. This 

is however not an issue when it comes to following the trend in coercivity as a function of sintering 

temperature (see Table 1). For both, the VSM and scale method, the coercivity of the sample 

decreases with increasing sintering temperature. The decrease in coercivity can be directly linked to 

the increase in the crystallite sizes. A sample consisting of larger crystallite with multiple magnetic 

domains are easier to demagnetise as it allows for magnetic domain wall movements. Domain wall 

motions rotate a fraction of the magnetic moments as the domain wall propagates through the 



 

magnet. Small crystallites consisting of 

coherently, which requires a larger magnetic field

Despite the coercivity trend is identical for the VSM and the 

obtained using the scale method 

applied field from the NIB-magnet (

impacts the coercivity (The VSM uses a field of 

method, and the scale method are 

order to saturate a sample, the applied field needs to be 

also means that it is not possible to directly

between the scale method and the VSM

 

Figure 4: Magnetic hysteresis of SrFe

measured by a) VSM and b) the presented 

using the scale method, i.e., the “upper

Conclusion 
A simple synthesis of magnetic SrFe

of measuring the magnetic properties using only a 

carried out in student teams and the data from each 

was possible for a class of students to perform a systematic study of the impact 

temperature on the structural and 

altered to fit additional teams by either expa

the sintering time or by repeating multiple experi

add an element of reproducibility

the samples were also measured by VSM 

Additionally, PXRD data was collected on the samples and modelled using Rietveld refinement

investigate the crystallite size and morphology

given in the associated content,

interest. The students can evaluate the magnetic properties as a function of 

and its correlation with the crystallite

In all cases, the time schedule of 2x4h where meet and the student reports showed that the student 

had grasped and understood the experiment which they had performed. Specifically, students 
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consisting of a single magnetic domain, all magnetic moments 

coherently, which requires a larger magnetic field resulting in a higher coercivity

trend is identical for the VSM and the scale method, 

using the scale method are systematically lower. This is due to the fact that the maximum 

magnet (~0.4 T) is not sufficiently large to fully saturate the sample

(The VSM uses a field of ±3 T). The highest saturation reached 

method are ~75 Am2/kg and ~35 Am2/kg respectively. As a rule of 

the applied field needs to be 4-5 times larger than the coercivity.

means that it is not possible to directly compare the saturation magnetisation or the remanence 

method and the VSM.  

of SrFe12O19 annealed at 1100 °C (blue), 1150 °C (red), and 1200

measured by a) VSM and b) the presented scale method. Note that only half of the hysteresis is measured 

“upper side” of the loop. 

magnetic SrFe12O19 has been presented together with an intuitive an

of measuring the magnetic properties using only a scale and a NIB-magnet. The experiments were 

s and the data from each team was shared among all 

possible for a class of students to perform a systematic study of the impact 

structural and magnetic properties of SrFe12O19 pellets. The experiment can be 

s by either expanding the number of sintering temperatures

or by repeating multiple experiments with the same temperature, t

reproducibility. With the assistance of an instructor, the magnetic properties of 

measured by VSM and compared to those obtained using

data was collected on the samples and modelled using Rietveld refinement

and morphology. The students used a tutorial on PXRD refinement

, to successfully refine their own data and extract the 

evaluate the magnetic properties as a function of sintering temperature, 

crystallite size. 

the time schedule of 2x4h where meet and the student reports showed that the student 

had grasped and understood the experiment which they had performed. Specifically, students 

magnetic moments need to flip 

resulting in a higher coercivity. 

 the absolute values 

. This is due to the fact that the maximum 

large to fully saturate the sample, which 

reached for the VSM 

As a rule of thumb, in 

larger than the coercivity. This 

ation or the remanence 

 
C (red), and 1200 °C (yellow) 

of the hysteresis is measured 

has been presented together with an intuitive and easy way 

magnet. The experiments were 

was shared among all teams. In this way it 

possible for a class of students to perform a systematic study of the impact of sintering 

. The experiment can be 

nding the number of sintering temperatures, changing 

ments with the same temperature, the later would 

magnetic properties of 

ed to those obtained using the scale method. 

data was collected on the samples and modelled using Rietveld refinement to 

orial on PXRD refinement, 

to successfully refine their own data and extract the parameters of 

sintering temperature, 

the time schedule of 2x4h where meet and the student reports showed that the student 

had grasped and understood the experiment which they had performed. Specifically, students have 
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been amazed by the auto-combustion synthesis and have responded very positively to the intuitive 

way of measuring magnetic strength using the scale. Finally, they have been enlightened about the 

relative difficult topic of magnetism and magnetic materials. 

 

Associated content 
Supporting information includes: Complete list of equipment, instruments and chemicals, student 

handout, instructor notes, background on PXRD and magnetism. All are combined in the 

supporting_information.DOCX file.  

Tutorial ("Introduction to size refinements in Fullprof") and deposited PXRD patterns and 

refinements of the sintered samples can be found at: the link below along with videos 

demonstrating the auto-combustion synthesis and the scale setup: 

https://chem.au.dk/forskning/forskningsomraader/uorganiskkemi/energikonverterende-

materialer/eduactional-material/ (accessed on 2021-05-19) 
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