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Improving the crystallinity and magnetocaloric effect of the 
perovskite La0.65Sr0.35MnO3 using microwave irradiation 

Katherine McBride1, Suzanne Bennington-Gray2, James Cook1,2, Lorenzo Stella1,2 Solveig Felton2, 
and Danai Poulidi1* 

The use of microwave (MW) irradiation to assist the modified peroxide sol-gel synthesis of La1-xSrxMnO3 was shown to 

1)improve crystallinity and 2)enhance the magnetic susceptibility and magnetocaloric effect (MCE) of samples compared to 

those synthesised using the conventional method. The improvement in crystallinity of samples synthesised using MW 

irradiation was evident in the structural characterisation conducted using SEM and XRD. Magnetic heating experiments on 

La1-xSrxMnO3 (x = 0.25, 0.35 and 0.4) showed that for the MW-assisted method, the most suitable material for magnetic fluid 

hyperthermia applications was La0.65Sr0.35MnO3. MW settings (time and power) were investigated in an attempt to further 

optimise the MCE. Increasing MW time settings used (10 min, 30 min and 2 hours) led to increased saturation temperatures 

(45.9 °C, 57.0 °C and 58.3 °C respectively), with a linear relationship between the MW power settings used and the MCE also 

observed during magnetic heating experiments. Specific absorption rates as high as 175 Wg-1
Mn were achieved compared to 

the conventional maximum of 56 Wg-1
Mn in previous work. The enhancement of MCE was ascribed to a greater core 

ferromagnetic contribution as a result of the improvement in the degree of crystallinity and magnetic susceptibility of the 

samples synthesised with MW-irradiation .

1. Introduction 

Lanthanum strontium manganate, La1-xSrxMnO3 (LSMO) is a 

material which has been heavily investigated for a variety of 

applications; from its use as an industrial oxidative catalyst1, a 

fuel-cell electrode2,3, to a mediator for Magnetic Fluid 

Hyperthermia (MFH), which this work is directed towards.4-8 

The therapeutic use of heat between 41 °C and 46 °C is known 

as ‘Mild Hyperthermia’.9 In this temperature range, the 

treatment can selectively target and damage the cancerous 

tissue, leaving normal tissue intact (Figure 1). Contemporary 

therapeutic modalities for localised mild hyperthermia involve 

the use of a colloid of magnetic nanoparticles to induce the 

temperature increase, hence the term ‘Magnetic Fluid 

Hyperthermia’ (MFH).10 The magnetic properties of magnetic 

susceptibility, magnetic hysteresis and the Curie temperature 

(Tc) are of interest in this work as they help to characterise the 

magnetocaloric effect (MCE) responsible for the temperature 

change.11-13 The MCE arises when certain magnetic materials 

are placed in a magnetic field and there is an associated change 

in temperature.14  

In the presence of an alternating magnetic field, three forms 

of energy dissipation may contribute to the MCE where an  
 

Figure 1 – Scheme depicting Magnetic Fluid (Mild) Hyperthermia treatment for 
cancer showing: (A) regularly shaped normal tissue (orange) and irregular 
cancerous tissue (blue) surrounded by clustered magnetic nanoparticles. (B) effect 
of an applied alternating magnetic field of the magnetic nanoparticles with the 
associated temperature rise and (C) effect of the applied alternating magnetic 
field on the survival of the different tissues. The applied field in and associated 
temperature rise has caused damage to some of the cancerous cells (shown in 
grey), but no damage to the normal tissue. 

increase in temperature is observed: Brownian rotations, Neél 

rotations and magnetic hysteresis (shown in S.I. Figure S1).11 

a.  School of Chemistry and Chemical Engineering, Queen′s University Belfast, 
Stranmillis Road, Belfast BT9 5AG, UK.  

b. School of Mathematics and Physics, Queen's University Belfast, University Road, 
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Materials which do not require high fields and low temperature 

to reach their saturation magnetisation (Ms) are desirable for 

MCE biomedical application such as MFH.10 A high Ms will mean 

that the material is more responsive to the applied field, and 

will promptly switch the direction of magnetisation (with 

respect to its crystal lattice) with an alternating magnetic field, 

resulting in greater heating losses via Brownian rotations, Neél 

rotations and in some cases, magnetic hysteresis.  

The use of magnetic nanoparticles (MNPs) in magnetic fluid 

hyperthermia localises the heat to the cellular level.15 The three 

main requirements of the nanoparticles used to mediate 

hyperthermia treatment are: they should be biocompatible, 

have a Curie temperature (Tc) within the therapeutic range of 

mild hyperthermia (41 °C to 46 °C) and have a high Specific 

Absorption Rate (SAR).16 The nanoparticles must be also be 

uniform in shape and monodisperse so as to ensure 

homogeneity and thus more consistent heating effects.17  

Nanoparticles in the region of 100 nm18,19  are desirable for the 

purposes of MFH as they may be able to escape through the 

leaky tumour vasculature in order to localise the hyperthermic 

effects to the cellular level, improving the efficacy of the 

treatment.18,19 The development and characterisation of LSMO 

materials with Tc’s within the therapeutic range of mild 

hyperthermia and high SARs is dealt with in this work.  

The versatility of LSMO lies with the ability of its perovskite 

structure to accommodate different cations into the crystal 

lattice (shown in S.I. Figure S2).20 The parent compound, 

lanthanum manganate (LMO), is typically rhombohedral in 

crystal structure with space group R-3c and is non-magnetic at 

room temperature.21 Lanthanum ions occupy the A-site, with 

smaller manganate ions occupying the central B-site and oxide 

ions on the faces. Substituting lanthanum A-site ions for 

strontium in small amounts causes distortions of the crystal 

structure. The distortion of the crystal structure is both as a 

result of the increasing radii of the A-site and also the change in 

valency of the B-site manganese ion induced by the 

replacement of La3+ with Sr2+ at the A-site. The change in crystal 

structure leads to an incredibly rich phase diagram for LSMO 

shown in Figure 2, ranging from antiferromagnetic insulators to 

ferromagnetic insulators and ferromagnetic metals, which is 

why the material has been investigated for the wide variety of 

aforementioned applications.22 The phase descriptors refer to 

both the magnetic (anti-ferromagnetic, ferromagnetic or charge 

ordered), and electric properties (metallic or insulator) of the 

material. This work deals with LSMO in the ferromagnetic 

metallic region at a range of dopant levels (x = 0.25, 0.35 or 0.4). 

Magnetic properties arise in manganates through a form of 

magnetic exchange known as the double-exchange (DE) 

mechanism shown in S.I. Figure S3, where an electron is 

resonantly transferred from Mn3+ to O2-, whilst one is 

transferred from O2- to Mn4+.23 The extent of magnetic 

exchange via this mechanism is thought to vary based on the 

extent of orbital overlap, with bond lengths and angles being 

critical parameters.24,25 A preliminary consideration of the 

manganese valencies in S.I. Figure S3 would infer that increasing 

the proportion of Mn4+ : Mn3+ towards a 1 : 1 ratio would favour 

the double exchange mechanism. However manganate crystal  

Figure 2 – Phase diagram for lanthanum strontium manganate reproduced from 
work by Majumdar et. al.22 Phases include charge-ordered (CO), antiferromagnet 
(AF), ferromagnetic metal (FM), and ferromagnetic insulator (FI). The unlabelled 
region of the phase diagram has neither magnetic nor charge order. The suffixes 
refer to the electrical conductivity of the material using the descriptions of metal 
(M) and insulator (I). 

structures are also associated with Jahn-Teller distortions, 

which involve either contraction or elongation of bond lengths  

and angles, and are less prevalent with increasing strontium 

dopant levels in LSMO. Mn3+ in LMO is Jahn–Teller active due to 

its four valence electrons in a high spin state occupying 

nondegenerate orbitals.26 As the level of Sr2+ dopant increases 

in LSMO, the level of Mn4+ also increases. Mn4+ is a non Jahn–

Teller active ion because its three valence electrons occupy 

degenerate t2g orbitals. Jahn-Teller distortion occurs where 

initial degeneracy in either the t2g or eg orbitals is removed by 

the compounds undergoing a geometrical transformation to 

lower the energy of the structure.27 This geometrical distortion 

manifests itself as either a structural compression or 

elongation. As the proportion of Sr2+ and Mn4+ increases, the 

proportion of La3+ and Mn3+ decreases meaning that Jahn–Teller 

distortion will be less effective at increasing the Mn3+–O2−–Mn4+ 

bond angle towards 180° for optimal exchange. For this reason, 

the optimal ferromagnetic properties do not occur with a 1 : 1 

ratio for Mn3+ : Mn4+.27  

As can be seen in Figure 2, the optimal ferromagnetic 

metallic properties of LSMO are likely to occur at approximately 

a dopant level of x = 0.3, as this is where the highest 

ferromagnetic to paramagnetic transition temperature or Tc is 

observed.22 The greater the Tc, the more thermal energy is 

required to disrupt the magnetic ordering (i.e. the DE 

mechanism) inducing the ferromagnetic to paramagnetic 

transition, and hence the greater the extent of magnetic 

ordering present. Thus the magnetic and electronic properties 

of LSMO are extremely sensitive to structural changes, leading 

to the variety of phases seen in Figure 2 (i.e. charge-ordered, 

anti-ferromagnetic insulator, ferromagnetic metal and 

ferromagnetic insulator). In altering the crystal structure of the 

material, it is possible to obtain a material with specific desired 

physical properties such as MCE, magnetic susceptibility and Tc, 
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whilst maintaining its chemical and physical stability.28,29 Even 

slight differences in the proportion of strontium dopant in 

LSMO changes the bond lengths and angles, and significantly 

alters the Curie temperature (Tc). For example, La0.9Sr0.1MnO3 

has a Tc of -13 °C which increases to 77 °C for La0.8Sr0.2MnO3.6 

Previous studies which have illustrated the tunable structure-

property relationship of LSMO perovskites have mainly 

investigated the effect of altering composition6,30-32 or particle 

size33 on the magnetic properties of the LSMO crystallite 

clusters. It has also been shown that the actual method of 

synthesis employed will affect the physical properties such as 

the electrical conductivity of the material.34 Table 1 shows that 

there appears to be considerable variation in the size and 

morphology of LSMO particles obtained using various synthetic 

methods, which may in part lead to observed differences in 

physical properties such as the aforementioned electrical 

conductivities. As particle size and morphology are shown in 

Table 1 to be parameters which in part determine the physical 

properties of a material, it also follows that the degree of 

crystallinity is also an important parameter. The link between 

the degree of crystallinity with variation in the extent of 

magnetic contribution is put forward in a model by Zhang et 

al.35 In this model, it is proposed that magnetic nanoparticles 

were composed of a ferromagnetic core surrounded by an anti-

ferromagnetic shell. It was also thought that a change in 

crystallinity would alter this ferromagnetic to anti-

ferromagnetic ratio, thereby leading to a change in the 

observed MCE which is further investigated in this work vide 

priori. 

In addition to the variation of crystallite sizes and size 

distributions of LSMO materials shown in Table 1, there is also 

considerable variation in the much larger agglomerate crystal 

size. (The values are not directly comparable due to some 

samples undergoing milling and so are not presented.) The 

desired agglomerate size for MFH is of the order of 100 nm to 

allow for the intra-venous delivery of the magnetic 

nanoparticles.18,19 The agglomerates obtained by our group 

using the conventionally heated peroxide sol-gel synthesis were 

two orders of magnitude greater.32 Control of the agglomerate 

crystal size is essential for the viable use of LSMO in potential 

biomedical applications such as MFH.10 However, it is 

imperative that the physical properties (such as magnetic 

susceptibility) are not impaired when size reduction strategies 

such as milling or silica encapsulation are employed as this 

would reduce the efficacy of the material as a mediator for 

MFH.19 One strategy which may help satisfy these requirements 

is to employ the assistance of Microwave (MW) irradiation 

during the synthesis. A few methods demonstrate the 

advantageous use of MWs in the synthesis of LSMO, including a 

MW-hydrothermal method36, MW sintering37, and the use of 

combined MW Pechini synthesis and calcination.38 

Microwave (MW) irradiation is a promising materials 

processing method, offering advantages in terms of shorter 

reaction times, smaller particle sizes and narrower size 

distributions compared with conventional methods of 

heating.20 Electrical dipole moments found in polar materials 

(e.g. water or metal oxides) will align or couple with an 

electromagnetic field in the MW region. The alternating MW 

radiation causes molecules to rotate with the electromagnetic 

field, which causes friction and collisions of the molecules and 

their surroundings.39,40 There are two mechanisms which 

contribute to the net MW heating: 1) solvent heating (water); 

and 2) particle heating (perovskite precursors). In the peroxide 

sol-gel synthesis used in this work, the dominant heating 

mechanism is dielectric solvent heating due to the hydrogen 

peroxide and water mixture having much greater dielectric 

constants (70 – 80)41 than the perovskite precursors (lanthanum 

oxide (20 - 50)42, strontium carbonate (9)43 and manganese 

carbonate (1-5)44). As the energy dissipation arises from within 

the core of the reactant mixture, a more regular temperature 

Table 1 - Variations in crystallite size and particle morphology of LSMO with varying methods from literature. Crystallite diameters presented are based on the 

unrefined diffraction data. 

Ref 

No. 
Authors Type of Synthesis Using 

Particle 

Shape 

Crystallite Size 

(nm) 
36 Ahmad, M.A. et al. Gel Combustion Citrate-Nitrate Spherical 22 
37 da Conceição, L. et al. Sol-gel Ethylene glycol Spherical 19 - 28 
34 da Conceição, L. et al.  Solid State N/a Spherical 12 -20 
38 da Conceição, L. et al. Gel Combustion Citrate-Nitrate Various 15 -20 
39 Das, S. et al. Pyrophoric Nitrates and PVA/TEA Spherical 10- 13 
40 Gaudon, M. et al. Sol-gel Citric acid Various 50 – 110 
41 Guo, R.S. et al. Sol-gel Glycine-Nitrate Cubic 50 - 60 
42 Huang, Y. et al. Sol-gel EDTA and ammonia Spherical - 
43 Kuznetsov, A.A. et al. Freeze-drying N/a Various - 
7 Kaman, O. et al. Sol-gel Citric acid and H2O2 Spherical 20 
44 Lipham, N.D. et al. Sol-gel Citric acid Spherical 11 - 17 
32 McBride, K. et al. Sol-gel H2O2 and ammonia Various 62 - 165 
45 Moreira, M.L. et al.  Sol-gel Citric acid Spherical 20 - 95 
8 Pollert, E. et al. Sol-gel Citric acid Spherical 30 - 49 
46 Thorat, N.D. et al. Gel Combustion Citrate-Nitrate Spherical 40 
47 Zhang, Q. et al. Solid State Mechanochemical Spherical - 
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distribution can be achieved45-47 compared with conventional 

heating48-50 without damage due to thermal shock.40 MW 

syntheses have been proven to be efficient and selective, and 

as a result they are being investigated by many researchers in 

order to improve a wide range of reactions.49 

The use of MW irradiation as an alternative heating method 

in established syntheses is proving to be advantageous. MW-

assisted solid-state syntheses or calcinations have proven to be 

a popular application of the technology, with temperatures in 

excess of 1000 °C reported to be achieved in a matter of a few 

minutes producing the desired crystalline product such as in the 

decrystallisation of oxides which occurs in seconds.51 MW 

syntheses may be used to synthesise metal oxides such as 

perovskites in solid-state reactions due to their inherent large 

dielectric constant and high dielectric loss.52 This means they 

behave as a passive heating element when a MW field is 

applied. MW-assisted syntheses have been shown to be useful 

in producing materials which have a purer monocrystalline 

phase, in addition to allowing reasonable control over the 

crystallite growth and crystal structure depending on the 

reaction conditions. In the synthesis of the LaFeO3 for example, 

a smaller and more crystalline product was obtained following 

four minutes of MW irradiation compared with conventional 

methods.53  Improved crystallinity was also achieved with post-

calcination MW treatment in the synthesis of CaCu3Ti4O12.54  

Greater selectivity of crystal structure was also observed in the 

MW-hydrothermal synthesis of BaTiO3 where a greater 

proportion of the tetragonal crystal phase was obtained using 

the MW synthesis than was observed with conventional heating 

methods.55   

So far, the focus of MW investigations have been on the 

increased rates of reaction in addition to the degree of 

crystallinity in the materials. To the knowledge of the authors, 

there is little information regarding the impact of MW 

irradiation on the magnetic properties of highly crystalline 

materials synthesised using this technology. However, Yu et. al 

recognised that there were enhanced dielectric properties of 

the perovskite CaCu3Ti4O12 when synthesised using MW 

heating.56 As there is a great deal of similarity in how dielectric 

and magnetic properties arise in materials39,40 we could also 

expect enhanced magnetic properties (magnetic susceptibility, 

magnetic hysteresis and magnetocaloric effect) of a similar 

material processed using MW technology. With this in mind, 

this investigation aims to look at the effect of the use of MW 

irradiation in a modified peroxide sol-gel synthesis on the 

magnetic properties of lanthanum strontium manganate 

(LSMO) compared with conventional heating.  To the best 

knowledge of the authors, this is the first time that MW 

irradiation has been applied to the peroxide sol-gel synthesis.  

Initially this work is concerned with improving the structural and 

magnetic properties of LSMO at a range of dopants (x = 0.25, 

0.35 and 0.4) using the MW-assisted peroxide sol-gel synthesis 

in order to confirm the most suitable stoichiometry of LSMO for 

use in MFH (Section 3.1). The conditions for the MW-assisted 

peroxide sol-gel synthesis of this material are then investigated 

in order to optimise the MCE (Section 3.2). The assistance of 

MW irradiation during the material synthesis is expected to 

increase the ferromagnetic to anti-ferromagnetic ratio of LSMO 

particles by improving the crystallinity of the material as 

previously mentioned.35  In doing so, not only is the hope to 

increase the ferromagnetic composition of the material in order 

to improve its efficacy as a mediator for MFH, but the increase 

in crystallinity would also hopefully lead to more discrete 

aggregates which could be more effectively broken down to a  

suitable size (order of 100 nm) for MFH by grinding. 

2. Experimental  

2.1 Material synthesis 

Powder precursors (obtained from Sigma Aldrich); lanthanum 

(III) oxide, ≥ 99.9% (La2O3); manganese(II) carbonate, ≥ 99.9 % 

trace metals basis;  and strontium carbonate, ≥ 99.9 % trace 

metals basis; were mixed in appropriate proportions in order to 

obtain the desired stoichiometric ratios. No thermal pre-

treatments including drying were used prior to weighing, as the 

lanthanum oxide was stored in a cold dry place in accordance 

with storage instructions. XRD analysis of the powder showed it 

to have remained free from lanthanum hydroxide impurities 

which would have necessitated thermal pre-treatment. The 

method for the conventionally heated peroxide sol-gel 

synthesis is reported elsewhere.32 For the MW samples 

(LSMO25MW, LSMO35MW and LSMO40MW); while stirring, 

1.25 mL of hydrogen peroxide (30 vol% - Fisher Scientific) was 

added slowly, followed by addition of 3 drops (~ 120 μl) of 

ammonium hydroxide NH4OH (25 vol%, Sigma Aldrich). 

Following the cessation of bubbling, the mixture was 

transferred to a closed, but not sealed, 10 mL microwave tube 

and placed in the microwave holder. After stirring at 70°C for 2 

hours in the microwave (CEM Discover 2.45 GHz) set to 100 W, 

the resulting solution was dried at 110 °C until dried gel 

formation, which occurred in 15 - 30 minutes. This process was 

repeated 30 times for each sample (LSMO25MW, LSMO35MW 

and LSMO40MW), and the powder samples combined in order 

to obtain enough final product to conduct a Rietveld analysis on 

the powder diffraction data. The MW parameters were further 

investigated in order to optimise the magnetic heating 

properties of the material with the optimal dopant level 

(LSMO35MW). When the heating time was investigated in the 

MW synthesis of LSMO35MW, the precursors were heated at 

100 W power for time intervals of 10 minutes, 30 minutes or 2 

hours. When power was investigated in the MW synthesis of 

LSMO35MW, all precursors were heated for 2 hours at power 

settings of 50 W, 100 W or 200 W. Where MW parameters (time 

and power) are optimised, the process is only repeated three 

times in order to produce enough material for repeat magnetic 

measurements and magnetic heating measurements. 

Subsequent calcination at 1100 °C for 16 hours was used to 

remove the residual carbon and obtain a crystalline product. All 

samples (presented in the Supplementary Information Table S1) 

were manually ground in an agate mortar and pestle before 

characterisation and testing.   

The modified peroxide sol-gel synthesis was used in 

previous work32 to produce LSMO materials at a variety of 

dopant levels using conventional heating i.e. a hot-plate and 
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stirrer. These conventionally synthesised materials are used as 

a point of comparison to show the improvement in the 

structural and magnetic properties of LSMO when MW heating 

is used in this work. The modified peroxide sol-gel synthesis32 

has not been carried out using MW irradiation before, and 

adjustments to the reactant mixture previously used were 

necessary to make it suitable for use in the industrial MW. It has 

been conducted by adding alkaline hydrogen peroxide directly 

to the metal oxide and metal carbonate precursors, rather than 

to an aqueous suspension of the precursors. The absence of 

additional water in the MW-assisted synthesis is to prevent the 

superheating of water and reduce the total volume in the 

microwave tube in order to prevent damage to the IR probe 

which controls the temperature programme. In order to 

compare the LSMO samples which have been conventionally 

heated (i.e. heated with a hot plate) with those irradiated with 

MWs, a sample (LSMO35 - RedVol) which has been 

conventionally heated but without additional water was also 

synthesised. Supplementary Information Table S2 shows all the 

produced samples and sample names to be used for the 

remainder of the report. All of the materials with the –Con suffix 

were synthesised using conventional heating32, and -RedVol 

indicates the omission of the water from the conventional 

synthesis. This allows us to separate the contribution of 

reducing the reactant volume from the contribution of MW 

irradiation, to the physical properties (e.g. MCE). Initially, LSMO 

samples were synthesised at dopant values x = 0.25, 0.35 and 

0.4 to confirm that LSMO35 was in fact the target material 

which should be optimised. Then the process was optimised by 

synthesising LSMO35 at various time and power settings. A 

structural characterisation of the crystalline phases for the 

LSMO samples (LSMO25, LSMO35 and LSMO40) obtained using 

the MW assisted synthesis is investigated, along with a study of 

the physical properties of interest to a mediator for MFH with 

the optimal dopant of LSMO35, i.e. the magnetic susceptibility, 

magnetic hysteresis and magnetocaloric effect. 

The MW irradiation of the sample is controlled by an 

external temperature control which limits the MW power 

depending on the measured external temperature of the tube. 

As a result, the MW irradiation of the sample is not constant; 

initial irradiation of a proportion of the set MW power will be 

followed by a periodic pulse of a much smaller power setting to 

maintain the set temperature. The upper temperature limit for 

this style of MW is 300 °C so it is suitable for the main material 

synthesis but not the final calcination step.  

2.2 Characterisation 

The crystal structures making up each powder sample were 

determined using XRD; Panalytical X’Pert was used to collect the 

X-ray diffraction patterns between 20 and 80 degrees and 

X’Pert High Score Plus was used to conduct a Rietveld analysis 

for LSMO25MW, LSMO35MW and LSMO40MW samples. The 

Rietveld refinement approach is presented in a prior work.32 

The presented crystallite sizes may also vary depending on the 

method of calculation. In cases where the crystallite diameter is 

calculated for a material which is both polycrystalline and 

polymorphic, the Full-Width at Half Maximum (FWHM) value 

for the most intense reflection which is typically used in the 

Scherrer equation, is a convolution of the reflections of the 

constituent phases and can therefore lead to an 

unrepresentative crystallite diameter.  For example, in the 

calculation of crystallite diameter from the un-refined 

diffraction pattern of La0.6Sr0.4MnO3 the average crystallite size 

is 61.9 nm32, whereas calculating this following Rietveld 

refinement gives orthorhombic and rhombohedral crystallite 

diameters of 16.5 and 37.4 nm respectively.57 The crystallite 

diameters have been calculated for the data post- Rietveld 

refinement and are shown in Table 2, however the average 

crystallite size was calculated on the data pre- Rietveld 

refinement in order to calculate the magnetically dead layer in 

Section 3.2.  

Rietveld refinement of powder diffraction pattern for 

LSMO25MW, LSMO35MW and LSMO40MW allowed electron 

density maps to be generated. The electron density maps in 

Section 3.1 are Fourier difference maps, which identify 

differences between the observed and calculated model crystal 

structures. The maps are used to optimise the model structure 

parameters in an iterative background process, but are 

displayed for the reader in this work in order to critically 

evaluate the reliability of the individual crystal structures and 

better elucidate any trends in the calculated Mn-O bond lengths 

or Mn-O-Mn bond angles (generated from the refined 

diffraction data). ‘Visualization for Electronic and Structural 

Analysis’ (VESTA) software was also used to visualise the 

isolated crystal phases following Rietveld analysis.58  The 

morphology of the resulting samples was studied using SEM 

(eSEM - FEI Quanta FEG- Environmental SEM Oxford Ex-ACT). 

The stoichiometry of the synthesised materials was then 

confirmed using eSEM-EDX with the Aztec based XACT system. 

Atomic percentage was determined using the relative ratio of 

La to Sr elements in each sample, with the uncertainty for the 

data values at the ±1 % level using a cobalt standard.  

For all samples, magnetic heating experiments were 

conducted on 10 mg mL-1 aqueous suspensions of the MNPs in 

non-adiabatic conditions using an AC generator (Easyheat 0112) 

in conjunction with a water-cooled induction coil at a frequency 

of 175 kHz and field amplitude of 10.95 kAm-1. The set-up is 

shown elsewhere.32 An IR temperature probe (Optocon AG) 

FOTEMP 1 coupled to a (Optocon AG) TS2/2 sensor was used to 

record the magnetic heating measurements from which the SAR 

was calculated using the corrected slope method (S.I. Equation 

1).59 A superconducting quantum interference device (SQUID) 

magnetometer (Quantum Design MPMS XL) was used to 

measure the magnetic susceptibility and magnetisation 

hysteresis for the LSMO35 samples synthesised at various 

power settings. Field dependent magnetisation measurements 

were conducted in the range -10,000 ≤ H ≤ 10,000 Oe, at 100 K 

and 200 K.   Susceptibility measurements were conducted in 

field cooled (FC) and zero field cooled (ZFC) conditions between 

100 and 370 K, at 500 Oe. It is also important to note that for 

the magnetomety measurements, LSMO35-MW unusually 

appeared to melt the gelatine capsules typically used for these 

measurements.  As a result all the magnetic measurements 
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presented were measured in Peek capsules to prevent any 

damage to the SQUID. Results obtained using LSMO35-Con in 

gelatine capsules were reproducible when the Peek capsules 

were used and so comparison can be reliably made between the 

conventional synthesis used in previous work32 and the MW-

irradiated synthesis used here. 

3. Results and discussion 

3.1 Improving Structural and Magnetic Properties of LSMO (x 

= 0.25, 0.35 and 0.4) using MW irradiation 

3.1.1 Structural Characterisation 

The MW-assisted peroxide sol-gel method successfully 

synthesised polycrystalline LSMO at a variety of dopant levels (x 

= 0.25, 0.35 and 0.4) as confirmed through the powder 

diffraction patterns in S.I. Figure S4 with reflections in keeping 

 

Table 2 – Refined lattice parameters resulting from Rietveld analysis for LSMO materials synthesised used MW-assistance or using conventional heating from 

previous work32 denoted by ‘-MW’ and ‘-Con’ suffixes respectively. ((Rw is the weighted R-value, Rexp is the expected R-value, Rbragg is the specific R-value for a 

particular phase in the refinement, Gof is the Goodness of Fit). Angles α, β and γ were were not allowed to vary during the refinement. The corresponding angles 

were α = β = γ = 90 ° for Pnma and α = β = 90 ° and γ = 120 ° for R-3c. Crystallite size is estimated with the Scherrer equation, using the most intense reflection 

for each phase. Error values were calculated using the crystallite diameters calculated from three of the most intense reflections for each crystalline phase. The 

numbers in parentheses are the estimated uncertainties relative to the last significant digits of the numerical values. 

Sample 
Space 

group 
a / Å b / Å c / Å V/ Å3 Rw Rexp Rbragg Gof 

Wt. 

percent. 

/ % 

Crystallite 

diameter 

(nm) 

LSMO25-Con 
Pnma 5.4373(16) 7.7984(21) 5.4331(15) 230.4(2) 

10.7 3.5 
4.2 

9.3 
8.2(8) 164.5(145) 

R-3c 5.5146(5) 5.5146(5) 13.3552(13) 351.7(1) 2.6 91.8(6) 41.4(0) 

LSMO35-Con 
Pnma 5.4482(33) 7.7433(31) 5.4678(39) 230.4(4) 

8.2 3.8 
18.8 

4.6 
19.7(8) 24.3(0) 

R-3c 5.5120(3) 5.5119(3) 13.3546(8) 351.4(1) 28.8 80.3(9) 48.4(1) 

LSMO40-Con 
Pnma 5.4482(30) 7.7501(43) 5.4562(36) 230.4(4) 

6.1 2.7 
29.5 

5.0 
31.2(13) 20.4(0) 

R-3c 5.5109(4) 5.5109(4) 13.3543(13) 351.2(1) 9.6 68.8(13) 46.3(1) 

LSMO25-MW 
Pnma 5.1694(2) 8.3922(2) 5.7181(7) 248.1(0) 

5.8 4.3 
40.5 

1.8 
12.1(13) 106.5(2) 

R-3c 5.5054(3) 5.5054(3) 13.3571(7) 350.6(1) 6.6 87.9(8) 51.2(0) 

LSMO35-MW 
Pnma 5.0948(248) 9.1774(380) 6.9987(230) 327.3(11) 

7.8 5.8 
31.2 

1.8 
19.0(9) 8.8(7) 

R-3c 5.4940(4) 5.4940(4) 13.3477(12) 348.9(1) 7.57 81.0(0) 54.6(1) 

LSMO40-MW 
Pnma 5.4635(11) 7.6864(12) 5.5185(10) 231.7(1) 

5.9 4.0 
24.9 

2.2 
14.7(7) 66.2(3) 

R-3c 5.4919(4) 5.4919(4) 13.3474(16) 348.6(1) 8.2 85.3(8) 33.8(1) 

 

Figure 3 – Rietveld analyses of X-ray Diffraction Patterns of a selection of LSMO35 materials (a) LSMO35-Con (reproduced from previous work by 
this group32) and (b) LSMO35-100W to quantify the relative weight percentages of orthorhombic (Pnma) and rhombohedral (R-3c) crystalline phases. 
The red line below each diffraction pattern is the difference plot which gives an indication of the variation between the calculated and experimental 
data. *synthesised for the same length of time (2 hours) as the conventional synthesis and at 100 W. 
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with existing characterisations in prior work.32 Stoichiometries 

of the samples were confirmed using EDX and shown in the S.I. 

(Figure S5 – S7). All three diffraction patterns of the samples 

show a high degree of crystallinity, with a low background. This 

crystallinity, which is also evident in the scanning electron 

micrographs (SEMs also in S.I. Figure S4) is much greater than 

for the LSMO samples synthesised using conventional heating. 

This is further illustrated in the comparison of LSMO35 in Figure 

4.32 Quantifying the crystallinity by using the ratio for the 

observed intensity of reflection compared with the intensity of 

the background is not appropriate here because the change in 

crystallinity has manifested in a change in the crystalline habits 

which would lead to a different distribution of intensities. Any 

reduction in crystallite size between the syntheses leads to 

broadening which would also affect the intensity of reflection.60  

 The micrographs in S.I. Figure S4 of the LSMO samples (x = 

0.25, 0.35 and 0.4) show variation in particle sizes between 

samples of different dopant levels, with LSMO35-MW showing 

the smallest particle size. When the micrographs of LSMO 

materials synthesised using the MW-assisted method (S.I. 

Figure S4) are compared with samples from the conventional 

method of synthesis,32 not only do the MW samples show a 

higher degree of crystallinity, but the nanoparticles also appear 

to have greater uniformity in both in size and shape. This is 

promising as it means that size reduction strategies such as 

milling may be more effective to produce particles in the region 

of 100 nm18,19 suitable for the purposes of MFH, and may also 

lead to materials with superior magnetic heating properties. 

The increasing crystallinity of the material according to Zhang et 

al.’s model may also have led to an increased the ferromagnetic 

to anti-ferromagnetic ratio, meaning we may see enhanced 

magnetic properties (the magnetic susceptibility, magnetic 

hysteresis and MCE) shown through magnetic and induction 

heating measurements vide infra.35  

 The Rietveld analysis of the diffraction patterns showed that 

the MW-assisted synthesis used in this work, not only produced 

the same LSMO materials as in previous work, but also the same 

crystalline orthorhombic (Pnma) and rhombohedral (R-3c) 

polymorphs, with R-3c being the dominant geometry.32 Other 

minor phases which may be present in trace amounts (< 0.1 %) 

include La2O3, MnCO3 and SrMnO3. 

For ease of comparison, Table 2 shows the comparison of 

LSMO materials synthesised using this MW-assisted method 

compared to the conventional synthesis. It is clear that for the 

samples synthesised using the MW-assisted method, there is a 

contraction in the unit cells along the a- and c - axes but an 

elongation of the material along the b - axis. Overall, this 

actually leads to an increase in unit-cell volume for the MW 

synthesised samples compared with the conventionally 

synthesised samples. A larger unit cell volume for orthorhombic 

(a) 

(c) 

(b) 

(d) 
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(Pnma) unit cells was shown to lead to smaller crystallite sizes 

in previous work.32 This is also true for LSMO25-MW and 

LSMO35-MW samples in this work when compared with their 

conventionally synthesised counterparts. 

In previous work it was confirmed that the most suitable 

stoichiometry of LSMO synthesised using the modified peroxide 

sol-gel (conventional) synthesis for use in MFH was 

La0.65Sr0.35MnO3
32. As a result, more detailed structural 

comparisons of LSMO35 synthesised using both the 

conventional (LSMO35-Con) and the MW-assisted peroxide sol-

gel syntheses are shown (Figures 3 and 4) in order to better 

understand the structure-property relationship present in the 

samples, and if this differs depending on the synthetic method. 

Figure 3 shows the X-ray diffraction patterns following 

Rietveld analyses for LSMO35 samples synthesised using (a) 

conventional heating and (b) MW heating synthesised for the 

same length of time (2 hours) as the conventional synthesis and 

at 100 W. This MW-assisted synthesised sample was chosen so 

as to represent the general improvement in structural and MCE 

properties (as seen in 3.2.2) which comes with using this 

method of synthesis, but also because this material rapidly 

heats in the linear regime to 43 °C meaning that it would be the 

most suitable for MFH without the danger of an extremely high 

maximum temperature as in the case of LSMO35-200W. 

The summary of the refinements are presented in Table 2. 

The sample synthesised using MW irradiation shows a slight 

increase in orthorhombic crystal structure (Pnma) of 0.7 % 

which we attribute to slight variations in the global 

stoichiometry of samples as shown in Table 2. The crystal 

structure of LSMO was previously shown to vary as a function 

of dopant by the authors.32  In that study, it was shown that as 

the level of strontium dopant increased, the weight percentage 

of the orthorhombic crystal structure was also shown to 

increase. When the LSMO35-MW sample is compared in terms 

of the exact stoichiometry (Table 2 and Supplementary Figure 

S10) against the range of doped LSMO materials synthesised 

using conventional heating in that work, the weight percentage 

of Pnma is in agreement with the polynomial line of best fit. 

Thus the slight difference in this quantification between 

LSMO35-MW and LSMO35Con (0.7%) is therefore deemed to be 

a result of a slight variation in stoichiometry of the compound. 

This slight variation may be due to the batch nature of the MW-

assisted synthesis whereby multiple small scale reactions were 

combined in order to produce a sufficient quantity to conduct a 

Rietveld analysis. The difference in crystal structures as a result 

of a different type of syntheses in this instance is negligible; 

crystal structure is a function of dopant.  

Due to the comparable orthorhombic and rhombohedral 

crystal structure distributions for the MW and conventionally 

Table 3 – Fourier difference maps of a range of lanthanum manganates, which have been generated using F(obs) - F(calc), following Rietveld analysis using High Score 

Plus of X-ray diffraction data. Colour maps are restricted to show the comparison of samples between -13 and +10 e A-3.  

 LSMO25 LSMO35 LSMO40 

 Pnma R-3c Pnma R-3c Pnma R-3c 

001 

      

010 

      

100 

      

 LSMO25-MW LSMO35-MW LSMO40-MW 

 Pnma R-3c Pnma R-3c Pnma R-3c 

001 

      

010 

      

100 
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synthesised samples, we would expect to see extremely similar 

physical properties such as the MCE investigated through the 

induction heating experiments and magnetic hysteresis. In spite 

of the similarities in crystal structure compositions (Pnma and 

R-3c geometries) there is one significant difference in the 

diffraction patterns. The straighter background with less noise 

in Figure 3(b) highlights that the degree of crystallinity in the 

MW sample is indeed greater; this is also confirmed by SEM.  

The SEMs in Figure 4 show the morphology of LSMO35 

samples for the synthesis routes employed: (a) Conventional 

peroxide sol-gel and (c) MW-assisted peroxide sol-gel. The 

LSMO samples first appear to be markedly different based on 

the synthesis route employed. The conventional synthesis in 4 

(a) shows a highly polycrystalline sample with a wide range of 

agglomerate particle sizes and shapes (both spherical and plate-

like). The MW synthesis however in Figure 4 (c) appears to lead 

to a more crystalline material with smaller and more uniformly 

crystallised particles, both in terms of size and shape. However, 

on closer inspection shown by the histograms in Figures 4 (b) 

and (d), we see that the particle sizes have remained consistent 

between the samples with a mean particle length of 

approximately 300 nm in each case, but only a fraction have 

agglomerated in the LSMO35-MW sample (Figure 4 (c)) 

compared with the LSMO35Con sample (Figure 4 (a)). On 

further comparison of Figure 4 with Table 2, we see that the 

crystallite lengths from SEM are approximately five times 

greater than the calculated crystallite diameter from XRD.  

Binner et al. postulated that rapid heating rates associated 

with MW heating may result in an increased rate of synthesis of 

titanium carbide due to an increased rate of diffusion of cations 

within the lattice.61 The increased rate of diffusion associated 

with MW heating may in part explain the improvement in 

crystallinity seen here in the LSMO35-MW sample. This increase 

in crystallinity may also cause a decrease in the size of the anti-

ferromagnetic “magnetically dead layer” at the surface as 

nanoparticles become more discrete in keeping with Zhang’s 

model.62 A decrease in the “magnetically dead layer” would lead 

to a greater ferromagnetic proportion of the material able to 

participate in the double-exchange mechanism. Thus leading to 

a greater value for saturation magnetisation, which in turn 

would mean that we could expect to see a greater MCE as 

observed through the induction heating experiments. 

So far we have identified the crystal structure compositions 

and the degree of crystallinity for the various LSMO samples. 

We now aim to look in greater detail at the bond lengths and 

angles of the various crystal structures of LSMO at a variety of 

dopant levels (x = 0.25, 0.35, and 0.4) in order to better relate 

their structures with their magnetic properties. Following 

Rietveld refinement of the powder diffraction patterns, it is 

possible to calculate the bond lengths and angles for the various 

LSMO materials. The quality of the Rietveld refinement must be 

taken into consideration when examining the dependent bond 

lengths and angles. The quality of a Rietveld refinement is 

typically described by a reliability marker known as the 

goodness of fit (Gof), similar to χ2; where lower values (in 

particular, Gof < 5) indicate a better quality of fit for the global 

 

Figure 5 – Mn-O polyhedron for the LSMO samples LSMO-Con and LSMO-MW 
samples (x = 0.25, 0.35 and 0.4) highlighting the bond lengths and Mn3+-O-Mn4+ 
bond angles as an illustration of the extent of Jahn-Teller distortion with increasing 
strontium dopant  

data set. The Gof of LSMO samples (x = 0.25, 0.35 and 0.4) 

synthesised using MW irradiation is much lower than the 

conventionally synthesised samples, indicating that the global 

refinement was more successful for the MW samples. However, 

looking at the reliability markers for the individual phases (i.e. 

Rbragg values) contained in the polycrystalline sample, we see 

much greater values for the Pnma phases of LSMO synthesised 

using MW irradiation compared to the Pnma phases of the 

conventionally synthesised LSMO.  This high Rbragg value would  

infer that the Pnma phase present in the MW sample is not as 

adequately represented by the model structure in spite of the 

improved quality of the fit for the entire data set (low Gof). The 

slight inadequacies in the model parameters for the Pnma 

phase in the MW samples are evident in the Fourier difference 

maps shown in Table 3 which have been generated for each 

crystalline phase in each sample.63 These maps are shown as 

isosurfaces with positive and negative electron density.64 

Positive electron density in a Fourier difference map indicates 

that a structure is observed where there is no structure in the 

model, and negative density indicates that a structure is not 

observed where there is a structure in the model.64 The green 

surfaces (no difference in electron density) in the maps show 

for the rhombohedral (R-3c) phases in Table 3 show that this 

polymorph has been well characterised by the model 

parameters (Table 2) used in the Rietveld refinement i.e. the 

model and observed structures are in good agreement. 

However the colour variation in maps for the orthorhombic 

(Pnma) phases indicates that this polymorph has not been as 

well characterised by the model parameters.63  

The increasing polarisation in electron density values for the 

Pnma phases in the MW-assisted synthesised materials 

compared with the conventionally synthesised materials is 
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Figure 6 - Heating Curves of 10 mg mL-1 aqueous suspensions of the LSMO samples 
(a) shows the comparison between the conventionally synthesised32 LSMO25-Con, 
LSMO35-Con and LSMO40-Con (solid lines) with the MW-assisted synthesis of 
each (broken lines) (LSMO25-MW, LSMO35-MW and LSMO40-MW. The grey 
dashed line shows the conventional synthesised LSMO with water omitted 
(LSMO35-RedVol) as a better comparison for LSMO35-MW. 

evidence of discrepancies between the calculated model and 

observed reflections.65 Unsuccessful attempts were made to 

improve the model further, by altering the atomic co-ordinates 

based on the presence and absence of atoms in the Fourier 

difference maps.  The data shown in Table 2 is from the best 

refinement. A possible cause of the discrepancies between the 

calculated model and observed reflections evident in the 

Fourier difference maps for the Pnma structures synthesised by 

different methods is the initial rapid heating associated with 

MW. Not only may this have led to the more discrete 

nanoparticles (low Gof), but the rapid heating may also have led 

to the formation of the less stable orthorhombic (Pnma) crystal 

phases shown here, which are not as well represented by the 

model (high RBragg vaue). This may have consequences on the 

magnetic properties of the LSMO synthesised using MW-

irradiation, where the less stable Pnma polymorphs may be 

more susceptible to a change in the applied magnetic field vide 

infra and produce an enhanced MCE.  

Figure 5 shows the Mn-O octahedrons present in LSMO 

responsible for the magnetic properties of the materials which 

have been isolated using the VESTA software following Rietveld 

analysis of the powder diffraction patterns.58 On comparing the 

octahedrons of the LSMO samples synthesised using MW 

irradiation with those synthesised using conventional heating, 

there appears to be a substantial increase in the average Mn-O 

bond length for LSMO35-MW, but little difference for LSMO25- 

MW and LSMO40-MW. In addition, on comparison of the 

standard deviations of the bond lengths, there appears to be an 

overall reduction in the variations of the Mn-O bond lengths 

with increasing strontium content. This reduction in the 

variation of bond lengths as a function of strontium dopant is to 

be expected as increasing Sr2+ induces an increase in the 

proportion of Mn4+ and a simultaneous reduction in the amount 

of the Jahn-Teller active Mn3+ ions.66-68 Jahn-Teller distortion 

(elongation or contraction of bond lengths) leads to a lack of 

degeneracy in either the t2g or eg orbitals which is necessary for 

the material to exhibit magnetic properties via the double-

exchange mechanism where one 'spin up' electron is 

transferred from the intermediate oxide to the Mn4+, and is 

replaced by another electron from the high-spin Mn3+.23   

As previously mentioned, when comparing the bond lengths 

of samples synthesised using the two different types of 

syntheses, LSMO35-MW shows an unexpected reduction of      

35 % in the variation of the bond lengths compared with 

LSMO35-Con. This would typically be associated with a 

reduction in Jahn-Teller distortion and a reduction in magnetic 

properties in 3.1.2, which is not seen. The reduction in the 

variation of bond lengths and increase in the average Mn-O 

bond length for LSMO35-MW leads to the existence of a much 

larger unit cell volume (327.3 Å3) as shown in Table 2, which also 

forms the smallest aggregate crystal size for any of the LSMO 

materials (as seen in S.I. Figure S1). The smaller aggregates in 

LSMO35-MW may better participate in Brownian and Néel 

relaxations, along with greater heat loss through magnetic 

hysteresis. Thus aggregate crystal size may be a more influential 

parameter compared to Mn-O bond lengths and variations in 

determining the magnetic properties of the material. 

In addition to the anomalous average and variation of Mn-

O bond lengths for LSMO35-MW, there is also an inconsistency 

in the Mn-O-Mn bond angle along the b – axis for LSMO35-MW, 

where we see a slight decrease of 2 ° compared with the other 

samples. This reduction in the size of the bond angle (Mn-O-Mn) 

coincides with the increasing length of the b – side of the unit 

cell (Table 2) for the material. The increasing average bond 

length and decreasing Mn-O-Mn bond angle may together 

indicate greater tiling of the Mn-octahedra, and possibly 

encourage longer-range ferromagnetic order to be determined 

in the magnetic heating experiments vide infra.68 The increasing 

range of ferromagnetic order in LSMO35-MW caused by the 

tilting of the Mn-octahedra means that the anomalous bond 

lengths and angles for this material may be justified.  

 
3.1.2 Magnetic Heating Experiments 

The magnetic properties of the LSMO materials (x = 0.25, 0.35 

and 0.4) synthesised using this new MW-assisted method were 

preliminarily characterised using induction heating experiments 

for LSMO samples in order to confirm the most suitable 

stoichiometry of LSMO for use in MFH. The magnetic heating 

properties of LSMO at a range of dopants (x = 0.25, 0.35 and 0.4) 

were improved using this MW-assisted peroxide sol-gel method 

when compared to conventional heating in the peroxide sol-gel 

method used in a previous work.32 Figure 6 draws comparison 

between the two syntheses; using conventional heating or MW-

assisted heating. As previously discussed, it was necessary to 

omit the water from the modified-peroxide sol-gel synthesis 

and use only the excess alkaline hydrogen peroxide in order to 

maximise the amount of product able to be synthesised in a 10 

mL microwave tube.  In order to make a comparison between 

the conventional32 and MW-assisted syntheses we can look at 

LSMO35-RedVol. This is La0.65Sr0.35MnO3 which has been heated 

in a conventional manner, but without additional water. 

LSMO35-RedVol displays an improved MCE compared with the 

conventional synthesis (LSMO35-Con), but the magnetic 

heating properties are further enhanced when the synthetic 
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Figure 7 – (a) shows the comparison of LSMO35 samples synthesised for different 
time intervals (10 minutes, 30 minutes and 2 hours) at 100 W compared with the 
conventional method of heating with water omitted (LSMO35-RedVol), and (b) 
shows the comparison of LSMO35 samples synthesised using various MW power 
settings (50, 100 and 200 W) for 2 hours. 

 
Figure 8 –SARs of LSMO35 samples synthesised for different time intervals (10 
minutes, 30 minutes and 2 hours) at 100 W and various MW power settings (50, 
100 and 200 W) for 2 hours.  

method included heating with MW-assistance shown by 

LSMO35-MW. The heating trend remains consistent between 

the conventional and MW-assisted syntheses with 

La0.65Sr0.35MnO3 being the optimal dopant for superior MCE, 

thus reinforcing our intention to improve the physical 

properties of this material. The improvement in crystallinity 

seen with the reduction in the volume of the reactant mixture 

between LSMO35-Con and LSMO35-RedVol may be due to a 

more concentrated ‘sol’ favouring the precipitation of smaller 

and more discrete nanoparticles. The more discrete and 

crystalline the MNPs as previously mentioned was thought to 

lead to greater ferromagnetic core contributions.62 This is 

confirmed in Figure 6 where we see an enhancement of MCE 

from LSMO35-Con to LSMO35-MW. The rest of this 

investigation (Section 3.2) deals with the study of the magnetic 

properties of LSMO where x = 0.35 synthesised at a range of 

power and time settings with the aim of optimising the MCE for 

the purposes of MFH.  

 

3.2 Optimising Structural and Magnetic Properties of LSMO35 

using MW irradiation 

3.2.1 Magnetic heating Experiments 

In Section 3.1, the most suitable stoichiometry of LSMO 

synthesised using the MW-assisted peroxide sol-gel synthesis 

for use in MFH was shown to be La0.65Sr0.35MnO3 in keeping with 

prior work.32 Due to the comparable orthorhombic and 

rhombohedral crystal structure distributions for the MW and 

conventionally synthesised samples of LSMO35, we would have 

expected to see extremely similar physical properties such as 

the MCE investigated through the induction heating 

experiments and magnetic hysteresis. However the differences 

in physical properties between the samples (magnetic 

susceptibility, hysteresis and magnetocaloric effect) presented 

cannot be explained purely in terms of crystal structure 

composition (Pnma or R-3c), but instead the degree of 

crystallinity. In this section, we aim to optimise the MCE 

produced by LSMO35-MW by adjusting the MW parameters 

(time and power) and investigating the effect on physical 

properties through magnetic heating experiments and SQUID 

magnetometry. 

Figures 7 (a) and (b) show the heating curves for 10 mg mL-

1 aqueous suspensions of LSMO samples in order to illustrate 

the MCEs of the various materials. In Figure 7 a) we can see that 

samples synthesised using MW heating for 30 min (LSMO35-30 

min) and 2 hours (LSMO35-2hr) follow a similar heating pattern 

as when conventional heating (LSMO35-Con) is used in the 

synthesis. For these samples a rapid monotonic increase in 

temperature is initially recorded for all samples followed by 

saturation. From previous work we were able to see that such a 

rapid initial increase in temperature appears to be specific to 

LSMO35.32 As previously mentioned, this section is dealing with 

the optimisation of the MW parameters used to synthesise 

LSMO35, and as a result detailed structural analysis was not 

conducted on LSMO35 samples synthesised for different time 

intervals (LSMO35-10min and LSMO-30min) or for various 

power settings (LSMO35-50W and LSMO35-200W). Due to the 

absence of this rapid initial increase in temperature we can 

suggest that the MW synthesis time of 10 minutes was not 

sufficient for the cations to diffuse within the lattice to produce 

the perovskite LSMO35. 61 As the time in which the samples 
were synthesised under MW irradiation increases from 10 min 

to 30 min to 2 hours, we see an increase in the saturation  

(a) 

(b) 
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Figure 9 – Magnetic susceptibilities measurements conducted under Zero-Field 
Cooled (ZFC) conditions of LSMO35 samples synthesised through conventional 
heating (LSMO35-Con)32 and MW heating at various power settings (50 W, 100 W 
and 200 W) for 2 hours (LSMO35-50W, LSMO35-100W and LSMO35-200W) . 

Figure 10 - Hysteresis loops measured at 100 K for LSMO35 samples synthesised 
through conventional heating (LSMO35-Con) from a previous work32 and MW 
heating at various power settings (50 W, 100 W and 200 W) for 2 hours (LSMO35-
50W, LSMO35-100W and LSMO35-200W). The complete field range measured is 
shown (-5000 to 5000 Oe). 

Table 4 - Parametric characterisation of hysteresis for a selection of doped 

LSMO35 materials (LSMO35-Con, LSMO35-50W, LSMO35-100W and 

LSMO35-200W). (Ms - Saturation Magnetisation and Tc - Curie temperature) 

Sample Ms Tc 

emu/mol K 

LSMO35-Con 13,000 362 

LSMO35-50W 16,000 360 

LSMO35-100W 17,000 360 

LSMO35-200W 19,000 360 

 

temperatures of the samples from 45.9 °C to 57.0 °C to 58.3 °C 

respectively. The samples synthesised using MW heating for 30 

minutes and 2 hours were both found to exhibit superior MCEs  

in the induction heating experiments compared with the 

conventional synthesis; heating in the linear regime for longer, 

and obtaining higher saturation temperatures. Figure 7 (a) 

therefore shows that MW heating leads to a fourfold decrease 

in the reaction time needed for the synthesis of LSMO35 whilst 

at the same time, producing materials with superior MCE.  

Figure 7 (b) shows the effect of changing the MW power 

from 50 to 100 to 200 W against the conventional method of 

heating, on the magnetic heating properties of the material. The 

heating curves are shown for samples synthesised using the 

MW for the same length of time as the conventional synthesis 

(2 hours) LSMO35 samples synthesised using MW irradiation for 

2 hours at 100 and 200 W show a rapid increase in temperature 

compared with the conventional synthesis. We can see that the 

samples synthesised using the MW synthesis at both 100 and 

200 W heat in the linear regime for longer than the sample 

synthesised using conventional heating, in addition to reaching 

greater saturation temperatures. The saturation temperature in 

the magnetic heating measurements appears to be a function 

of the MW power used in the synthesis, with the 200 W setting 

showing superior heating results as a maximal temperature of 

65.1 °C is reached compared with 58.3 °C using 100 W and 49.1 

°C with 50 W MW power.  

Figure 8 characterises the improvement in magnetic heating 

properties in terms of the SAR, where we see the optimal SAR 

of 175 Wg-1
Mn was achieved using the MW synthesis for 2 hours 

at 200 W.  This far exceeds the conventional maximum of 56 

Wg-1
Mn. The substantial difference in the magnetic heating 

properties of the LSMO35 samples synthesised at various power 

settings may lie with the evaporation step, where the water 

produced by the decomposition of hydrogen peroxide is 

removed by heating to 110 °C. The rate at which this happens 

varies; taking longer at lower power settings. For example, this 

stage takes 30 minutes using 50 W, whereas it only takes 15 

minutes when 200 W is used.   

 

3.2.2 Magnetic measurements 

Figure 9 shows the magnetic susceptibility comparison for our 

LSMO35 samples synthesised using MW irradiation at various 

power settings (50 W, 100 W and 200 W) compared with 

conventional heating. The magnetic susceptibilities of all of the 

MW samples are larger than the sample synthesised using 

conventional heating, and there are also much steeper 

transitions for these MW samples. Comparing the magnetic 

susceptibilities of the MW samples at low temperatures, they 

are shown to increase as a function of increasing power setting 

(50 W, 100 W and 200 W) used to synthesise LSMO35. We 

attribute this in part to the higher power setting evaporating 

the water from the sol-gel mixture to produce better 

crystallised nanoparticles which will have thinner non-magnetic 

surface layers and fewer crystal defects.  

The greater magnetic volume of the better crystallised 

nanoparticles (LSMO35-MW/LSMO35-100W) seen in the SEM 

synthesis comparison (Figure 4) would have meant that a 

greater proportion of the material able to participate in the 

double exchange mechanism and lead to enhanced magnetic 

properties such as was seen in the magnetic heating 

experiments in Section 3.2.1. This supports Hong et al.’s 

observation of an increase in magnetic susceptibility (4.5 emu 

g-1) when Fe3O4 was synthesised using MW irradiation as 

opposed to conventional heating.69 They attributed this 
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enhancement in magnetic susceptibility to better crystallised 

nanoparticles, pointing out that in that instance there was little 

difference in the average crystallite size (8-9 nm)69, unlike in this 

case where there is a significant difference in the average 

crystallite size (Table 2) decreasing from 24.8 nm for LSMO35-

Con  to 8.8 nm for the orthorhombic (Pnma) polymorph of 

LSMO35-MW for example. 

In investigations on La0.7Sr0.3MnO3
70 and La0.8Sr0.2MnO3

71, 

the magnetisation of the nanoparticles was thought to be 

strikingly dependent on the particle size. The rationale behind 

this was based on a model by Zhang et al. which suggested that 

larger magnetic particles would have a smaller surface area to 

volume ratio, meaning that they would have a larger 

ferromagnetic core compared with anti-ferromagnetic 

“magnetically dead layer”, and hence would exhibit a larger 

magnetic response than a smaller magnetic particle.35 The 

driving force for this, Kameli et al. suggest, is microstrain.71 In 

this work we see a reduction of 33 % in crystallite diameter 

(Table 2) when the MW-assisted synthesis is used (LSMO35-

100W), compared with conventional heating (LSMO35-Con). 

With this drop in crystallite size, one would expect an associated 

drop in magnetic susceptibility as the ferromagnetic core 

volume would decrease if only Zhang’s model is considered.35 

However, MW conditions appear to have improved LSMO35 

crystallinity, and in turn reduced the magnetically dead layer, 

which was calculated for LSMO35-Con and LSMO35-MW to be 

6.11 nm and 2.12 nm respectively (for respective average 

crystallite sizes of 82.4 nm and 61.8 nm).72 Thus the increase of 

approximately 60 % in the zero-field cooled magnetic 

susceptibility (between LSMO35-Con and LSMO35-MW) shown 

in Figure 9 can be rationalised by increasing ferromagnetic 

contribution associated with the improvement in crystallinity, 

but also suggests reduced cluster formation and greater 

ordering of magnetic domains also.6 This was previously 

suggested by Epherre et. al who proposed that the reduced 

proportion of magnetic clusters (as also seen in Section 3.1 in 

this work), could lead to fewer local distortions within the 

particle cores, in turn increasing the saturation magnetisation 

(Ms) (and magnetic susceptibility) which is seen in this work.6  

Figure 9 also shows that all samples undergo a 

ferromagnetic to paramagnetic transition with little difference 

in the transition temperature (2 K) with Tc’s of 362 K for 

LSMO35-Con and 360 K (reported in Table 4) for all of the 

samples synthesised using MW-irradiation (LSMO35-50W, 

LSMO35-100W and LSMO35-200W). Tc’s were obtained using 

the Arott plot method, where the inverse of magnetic 

susceptibility is plotted against the square of magnetisation 

with respect to temperature (Supplementary Figure S12). This 

is in keeping with the method of calculation of Tc used in a 

previous work which was useful for the LSMO35-Con sample.32 

The similar Tc’s for LSMO35 samples indicates that the 

ferromagnetic phase contribution to magnetisation is similar. 

This also indicates that the stoichiometry and crystal structure 

are similar. However the slight inflections at around 310 K and 

250 K for LSMO35-Con are indicative of minor phases which 

have differing stoichiometries. These minor phases were not 

however quantifiable using Rietveld analysis of the powder  

diffraction patterns. Of course this could be due to the surface 

phase, which according to Zhang’s model suggests will have a 

lower transition temperature and distinct magnetic 

characteristics such as coercivity.35 The magnetic hysteresis 

loops in Figure 10 show that the LSMO35-200W sample appears 

to be a harder ferromagnet, with increasing coercivity and 

remanence compared to LSMO synthesised at lower MW power 

settings (50 and 100 W) or using the conventional heating 

method. The increasing coercivity between the conventional 

and MW samples is also in keeping with the decreasing 

crystallite size of the orthorhombic (Pnma) phase shown in 

Table 2. The static field conditions used for the magnetic 

measurements however cannot be used to infer the hysteretic 

contribution to the magnetocaloric effect under alternating 

magnetic field conditions. 

Comparison of the magnetic susceptibility and magnetic 

saturation values with literature values is difficult in this 

instance. To the knowledge of the authors there are no 

magnetic characterisation studies conducted at the dopant 

level where x = 0.35 with similar measurement parameters 

(field dependent magnetisation measurements in the range          

-10,000 ≤ H ≤ 10,000 Oe, at 100 K and 200 K, with susceptibility 

measurements in field cooled (FC) and zero field cooled (ZFC) 

conditions between 100 and 370 K, at 500 Oe.). For example, 

Manh et al. conducted these magnetic saturation 

measurements at a range of temperatures but only at 100 Oe 

for LSMO where x = 0.3.73 Kačenka et al. conducted magnetic 

susceptibility measurements at 7.96 kA/m (~1206 Oe) and 

magnetic saturation measurements between -200 and 200 Oe 

at 4.5 K for LSMO where x = 0.3574 and Rostamnejadi et al. used 

an applied magnetic field of 293 K between 5,000 ≤ H ≤ 5,000 

Oe for LSMO where x = 0.33.75 

Theoretically the optimal magnetocaloric effect can be 

observed in the region of the Tc. Comparing the Tc’s of LSMO35-

Con and the MW samples (LSMO35-100W and LSMO35-200W) 

with the magnetic heating experiments we can see that the 

magnetic heating regime for the MW samples are much closer 

to their Tc’s. For example, the maximum temperature in the 

magnetic heating experiments reached by LSMO35-100W 

sample is only 28.7 K below the Tc, whereas there is a difference 

of 42.3 K between Tmax and Tc for the LSMO35-Con sample. The 

ferromagnetic to paramagnetic transition gradient of LSMO35-

Con is -0.2 emu mol-1 K-1, compared with -0.6 emu mol-1 K-1 for 

LSMO35-50W and LSMO35-100W, and -0.8 emu mol-1 K-1 for 

LSMO35-200W. LSMO35-200W not only has a larger magnetic 

susceptibility compared to the other samples, but its larger 

transition gradient means that it will have ferromagnetic 

character for longer with increasing temperatures until its Tc 

where there is a sudden drop in magnetic susceptibility. In 

contrast, LSMO35-Con has a weak transition gradient, meaning 

that its ferromagnetic character weakens further in advance of 

its Tc.  

Figure 11 demonstrates the improvement in magnetic 

susceptibility with increasing MW power settings during 

synthesis. This coincides with an observed improvement in the 

crystallinity of the samples in the micrographs in the 

Supplementary Information Figure S11. The improved 
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magnetocaloric effect (SAR) observed for the MW samples 

(LSMO35-50W, LSMO35-100W and LSMO35-200W) compared 

to the conventionally synthesised sample (LSMO35-Con) can 

therefore be ascribed to the greater magnetic susceptibility 

(shown in Figure 11), in addition to the sharper ferromagnetic 

to paramagnetic transition as previously mentioned.29 These 

attributes will mean faster, more efficient switching of the 

magnetic dipoles within the LSMO35-MW sample with an 

alternating magnetic field, which will generate more heat in the 

process via Néel and Brownian rotations.76 

 

Figure 11 – The relationship between magnetic susceptibility and the 
magnetocaloric effect of La0.65Sr0.35MnO3 (LSMO35) synthesised at various power 
settings (50, 100 and 200 W) compared with conventionally synthesised 
LSMO35.32 The magnetocaloric effect is measured through magnetic heating 
experiments and characterised using the Specific Absorption Rate (SAR). The  
magnetic susceptibility values used are the Zero-field cooled measurements at 
298 K. 

Conclusions 

The use of MW irradiation was shown in this work to improve 

the crystallinity of LSMO at a range of dopants     (x = 0.25, 0.35 

and 0.4) synthesised using a modified peroxide sol-gel 

synthesis. In spite of the new synthetic MW-assisted method 

used and the resulting change in the degree of crystallinity of 

the product, there was no significant change in proportions of 

orthorhombic to rhombohedral crystal geometries present. The 

magnetocaloric effect of each material was observed through 

induction heating experiments and La0.65Sr0.35MnO3 (LSMO35) 

proved to have the optimal dopant concentration as was shown 

in the conventional synthesis.32  Through attempts to optimise 

the magnetic properties of LSMO35, we were also able to show 

a linear relationship between the MW power settings used (50, 

100 and 200 W) and the magnetocaloric effect (producing SARs 

of 84.2, 118.8 and 174.4 W g-1
Mn respectively) indicating the 

importance of the evaporation step in the MW-assisted 

peroxide sol-gel synthesis. This work shows the advantageous 

use of MW irradiation in material synthesis to enhance not only 

crystallinity, but also magnetic properties (magnetic 

susceptibility, magnetocaloric effect and magnetic hysteresis) 

through a greater core ferromagnetic contribution and also 

greater magnetic ordering.35 The more discrete crystalline 

LSMO35 materials synthesised in this work using MW 

irradiation (at 100 and 200 W for more than 30 minutes) will be 

more effective mediators for MFH compared to the 

conventionally synthesised material, through their ability to 

produce an enhanced MCE and also due to the increased degree 

of crystallinity meaning that the agglomerate particles will be 

better broken down by milling techniques to the desired 

agglomerate size of the order of 100 nm. 
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