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ABSTRACT 

Field cooled (FC) and zero field cooled (ZFC) magnetization measurements of Bismuth Ferrite (BiFeO3) multiferroic obtained 

by microwave-assisted gel combustion method are reported. The structural investigation of sythesized and calcined sample is 

done by XRD and the obtained data is well fitted with Rietveld refinement using full-pro software suite. M-H hysterisis shows 

that BFO nanoparticles exhibit ferromagnetic properties at room temperature, which is unusally observed in BFO.  The M-T 

plot at H = 1 and 2 kOe shows that the FC and ZFC magnetization curve start to differ at below 331K and 236 K respectively 

with sharp cusp around 124 K revealing spin glass behaviour of BiFeO3. Both ferromagnetic properties and spin-glass-like 

behavior are observed in BFO nanoparticles. Ferromagnetic behavior is attributed to a partial destruction in nanoparticles of the 

long-wavelength cycloid spin structure expected in bulk BFO. Spin-glass-like behavior is assigned to diffusion of domain walls, 

with possible contributions from pinning of the cycloid spin structure at the nanoparticle surface. Copyright © 2014 VBRI 

press.  
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Introduction  

Spin glass materials are currently progressive field of 

research and spin glass state is most complex kind of 

condensed state of matter. Microscopically, the spin glass 

state is a configuration of spins frozen into a more or less 

random pattern. There exists a distinct freezing or glass 

temperature, Tf or Tg, below which the random, frozen state 

is established. The typical features of spin glasses are spin 

freezing (very small magnetization relaxation time), cusp in 

temperature dependence magnetization, irreversible 

behavior of magnetization below freezing temperature [1-

2]. Spin freezing state may be dominantly influenced by 

nanosize effect of materials in general.  

In recent years, considerable attention has been devoted 

to the investigation of low temperature magnetic properties 

of the BiFeO3 (BFO) in spin glass view point [3]. BFO is 

single phase multiferroic exhibit Ferroelectric (Tc~1103 K), 

G-type antiferromagnetic (TN ~643 K) order [4-9]. This is 

due to the fact that below the particle size 62 nm, there is 

an enhancement in both ferroelectric and magnetic 

polarization because of the breaking of helical ordering or 

incomplete rotation of spins. The decrease in particle size 

below 62 nm may give rise to the suppression of modulated 

spin structure which shifts spin glass phase transition 

temperature towards higher side [3,19]. This makes us 

highly curious to syntheized BFO at nanoscale (particle 
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size < 65 nm) and study their low temperature magnetic 

behaviour. So, in the present work, we synthesized BiFeO3 

by microwave assisted gel combustion route. The structure 

was confirmed by XRD. The low temperature magnetic 

behaviour of as-synthesized BFO was investigated in spin-

glass view point. This spin glass behavior of BFO can be 

exploited in the field of spintronics and the devices based 

on it. 

 

 
 
Fig. 1. XRD patterns of BiFeO3: (a) Before calcination (b) Calcinated at 

3000C   (c) 500oC and (d) 700oC. 
 

Table 1. Percentage of impurity phases exists in BFO sample with 

different calcination temperature. 
 

 

 

Experimental  
 

In present work, BFO was synthesized by gel combustion 

microwave-assisted route. Precursors for synthesis were 

procured from Sigma-Aldrich USA and used as raw 

materials without further purification. Analytical grade 

Bismuth nitrate [Bi(NO3)3.5H2O, 99.9% pure], iron nitrate 

[Fe(NO3)3.9H2O, 99.9% pure] and citric acid [C6H8O7, 

99.9% pure] Bismuth nitrate [Bi(NO3)3.5H2O] and iron 

nitrate [Fe(NO3)3.9H2O] in stoichiometric proportions (1:1 

mol ratio) were dissolved in diluted nitric acid (HNO3) 

solution with citric acid (C6H8O7) at a molar ratio of 6:1 

with Bi(NO3)3.5H2O. The pH value of the reaction was 

adjusted by adding liquor ammonia. During the sol-gel 

process, citric acid was hydrolyzed in the solution to induce 

(C6O7H5)
3-

 as a complexing agent, which can complex with 

Bi
3+

 and Fe
3+

 cations. After adjusting pH at 5.5, the 

solution was proceed in microwave refluxing system at 

power 210 W for 10 minutes until it becomes black. Then 

the resultant solution was combusted at 300 W microwave 

power to obtained dark brown powder. The powder further 

calcined at 300
o
C for 2h and used for further 

characterization.  

X-ray powder diffraction was performed on as-

synthesized and calcined powder using Bruker AXS D8 

Advance X-ray diffractometer equipped with copper target 

(1,CuK1 = 1.5405 A
0
). The data were collected with a 

step size of 0.067
o
 and step time of 10 s. Thermogravimetry 

Analysis (TGA) and Differential Thermal Analysis (DTA) 

were carried out on a simultaneous TGA/DTA apparatus 

(Perkin Elmer, Dimond TG/DTA, USA) at a heating rate of 

10
0
C/min. Magnetic measurements were performed using a 

Vibrating Sample Magnetometer (Model 14T-VSM) at 

temperature (2- 350 K). 

 

 
 

Fig. 2. Rietveld refinement of XRD patterns of BFO sample. 
 
Table 2. XRD reitveld parameters compared with calculated and JCPDS 

data. 

 

 

Result and discussion  
 

The XRD of as-synthesized and calcined BFO are shown in 

Fig. 1 (a & b, respectively). XRD pattern of as-synthesized 

BFO depicts the existance of impurity phases such as 

Bi24Fe2O39, Bi36Fe2O57, Bi2Fe4O9; while after calcination at 

300
o
C, most of the impurity phases are disappeared; but 

still there are two impurities phases (Bi2Fe4O9 and 

Bi36Fe2O57) are present at very low concentration (2% and 

1.6%, respectively) with pure rhombohedral (R3c) phase of 

BFO. Most of the diffraction peaks are matched with 

JCPDS card No. 20-0619 of the pure phase of BFO. 

Impurity phase
Bi2Fe4O9

(%)

Bi36Fe2O57

(%)

Bi24Fe2O39

(%)

Before calcination           

( At room 

temperature)

75 3 0

300oC 2 1.6 0

500oC 62.7 39.8 1.4

700oC 74.13 3.4 0 Parameters
BiFeO3

( Rietveld )

BiFeO3 

( calculated )

BiFeO3

(JCPDS)

χ2 6.63 - -

Rp 12 - -

Rwp 16 - -

Lattice 

parameters

a= 5.57 A0, 

b=5.57 A0,                      

c = 13.85 A0

a= 5.54 A0, 

b=5.54 A0,

c = 13.85 A0

a= 5.63 A0, 

b=5.63 A0,

c = 13.86 A0
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By increasing calcination temperature above 300
o
C, 

impurities phases (Bi2Fe4O9, and Bi36Fe2O57) concentrations 

are found surprisingly increasing with introduction of new 

phase (Bi24Fe2O39). Calcination temperature and different 

phases related to BFO are summarized in Table 1. Hence 

for further characterization, 300
o
C calcined BFO was used. 

The average crystallite size of BFO was found to be 28 nm 

by XRD. The Rietveld refinement of XRD patterns for 

BFO was carried using full-pro software suite as shown in 

Fig. 2.  The structural parameters refined by Rietveld 

analysis are tabulated in Table 2. 

 

 
                            

Fig. 3.  TGA-DTA spectra of BFO. 
 

Fig. 3 shows the TGA of as-synthesized BFO, 

negligible weight loss of the material upto 70
0
C 

corresponding to the formation of BFO with no residues 

after synthesis. The weight gain of almost 0.21% is 

observed along the curve AC in the temperature range 70-

520
0
C. This small weight gain may be due to the 

absorption of nitrogen gas supplied by the instrument. This 

leads to the oxidation of Fe in the atmosphere of purged 

gas N2. From TGA, it is concluded that after the gel 

combustion of BFO, all residues were decomposed during 

combustion and no residues remain after that in the sample 

indicates that the synthesized powder is almost stable [10]. 

In DTA, a sharp endothermic peak is observed near 269
o
C 

but it is not related to any mass change. It can be due to the 

phase transition of impure phases in the synthesized sample. 

The presence of some impure phases in as synthesized 

sample was already confirmed by XRD which are not 

observed in 300
o
C calcined sample. So, endothermic peak 

in DTA related to the phase transition of impurity phases. 

For the investigation of magnetic behavior of BFO, 

magnetic hysteresis curve was studied at 124 and 300 K.  

Fig. 4 shows M-H curve of BFO at 300 K (room 

temperature). A slim magnetic hysteresis loop is displayed 

under a field of ±10,000 Oe with a weak remanent 

magnetization of 0.68 emu/g at 300 K. The saturation 

magnetization is observed at 5.16 emu/g and saturated at a 

field of about ±5000 Oe.  

The magnetic hysterisis shows that the BFO 

nanoparticles exhibit ferromagnetic properties at room 

temperature. Same behaviour of M-H curve is also 

observed at 124 K (not shown here). This ferromagnetic 

behavior is very unusual; the BFO samples prepared so far 

in the forms of single crystals, ceramics or thin films have 

been known to exhibit antiferromagnetic properties [4, 8, 

11, 20, 21].  

   

 
   

Fig. 4. M-H hysteresis curve for BFO at T=300K. 

 

Low temperature magnetic behaviour were investigated 

under two condition: zero field-cooling (ZFC) and field-

cooling (FC) in the temperature range of 2 to 350 K. Fig. 5 

shows the temperature dependence of the ZFC and FC 

magnetizations under applied field H of 1 kOe and 2 kOe 

while warming the sample.  

 

 
Fig. 5. Temperature dependence of magnetization at  H=1kOe and 2kOe 
of  BiFeO3 Sample. 

 

The sample exhibit an irreversible thermomagnetization 

process below 236 K for 2 kOe field that is there exist an 

obvious difference between the ZFC curve and FC curve. 

The branching temperature (Tbranch) decreases with 

increasing magnetic field. This type of irreversibility in 

magnetization is generally indicative of antiferromagnetic 

(AF) ordering [12]. However, for a simple AF no 

thermomagnetization hysteresis is expected. This effect is 
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expected as spin glass system [13] with a charateristics spin 

glass transition temperature Tg. The spin glass state 

generally occurs when positions of magnetic moments or 

sign of neighbour coupling appear in random manner. This 

combination of magnetic randomness and mixed 

interaction caused frustration and stochastic disorder in the 

corresponding energy landscape.  

The anomaly is observed near 124 K in the present 

work can be related to spin reorientation, which is observed 

to be at higher temperature in constrast to bulk BFO single 

crystal, which is observed around 50 K [3,4,17,19,20]. 

There are very few reports, which have observed magnetic 

transition around 140 K [8, 16]. This deviation in 

nanocrystalline BFO may be attributed to nanosize effect, 

which is responsible for induce strain, coordination 

distortion and lattice disorder. This gives rise to different 

frustrated spin structure and high magnitude of magnetic 

spins-strain interaction. For the ZFC curve, decrease in 

magnetization below 124 K is observed, while for FC the 

magnetization remains almost constant with decrease of 

temperature for both the applied magnetic field (1 kOe and 

2 kOe). The trend in variation of magnetization with 

temperature is due to spin reorientation transition. For BFO, 

the wavelength of critical spiral ordering is 62 nm, 

therefore particle having size greater than 62 nm, the spin 

reorientation transition is expected to be absent. This 

behavior is only observed to the nanosize less than 62 nm 

and found to be absent in bulk single crystal and 

polycrystalline samples with much larger grain size. XRD 

data confirmed the average particles size of BFO prepared 

in the present study is 28 nm.  

The origin of behaviour (known as spin reorientation 

transition) is due to the orientation of Fe
3+

 spins which are 

generated by the breaking of antiferromagnetic spiral 

ordering and as the orientation of Fe
3+

 spins are highly field 

dependent therefore distortion in orientation is more with 

external magnetic field would change the orientation of 

Fe
3+

 spins toward the field direction. Due to this orientation 

there was an overall decrease in the magnetic susceptibility 

with an increase in the field. This transition was also 

reported by Park et al. for BFO nanoparticles, however, the 

dependence of this transition on the applied magnetic field 

was not reported earlier [3,14,15,18-20]. 

 

Conclusion 

In conclusion, BFO have synthesized by gel combustion 

microwave assisted route. Impurity phases appeared in 

XRD patterns of as-synthesized sample which dissappeared 

after calcination at 300
0
C indexed rhombohedral phase 

with space group R3c. The average crystallite size is 

obtained to be 28 nm. TGA shows negligible weight loss 

corresponding to pure phase of BiFeO3 with no residues. 

M-H measurements shows ferromagnetic behavior at 300K 

having saturation magnetization 5.16 emu/g and remanent 

magnetization Mr = 0.68 emu/g. Themomagnetization 

study indicates the spin-glass behaviour of microwave-

assisted synthesized BFO. Shift in spin-glass transition 

temperature from 50 K for bulk to 124 K for 

nanocrystalline BFO is clearly observed. This deviation in 

nanocrystalline BFO may be attributed to nanosize induce 

strain, coordination distortion and lattice disorder, which 

result in a different frustrated spin structure and high 

magnitude of magnetic spins-strain interaction. 
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