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Abstract Fe2O3 of particle sizes ranging from 120 to

20 nm has been prepared by the ball-milling process using

different milling hour. X-ray diffraction technique and

transmission electron microscopy have been used for deter-

mining the average particle sizes of the prepared samples.

Direct optical band gap for the unmilled and the ball-milled

samples has been calculated from the optical absorption

data. A red shift in the band gap due to the reduction of

particle size has been observed. The coincidence Doppler

broadening of the electron positron annihilation c-radiation

spectroscopy has been employed to identify the nature of

defects generated due to the ball-milling process.

Introduction

Presently, oxides in its nanocrystalline phase become very

important due to their wide applications. The large surface-

to-volume ratio of these nanomaterials makes them dif-

ferent from the bulk of the material [1]. Among them,

magnetic nanomaterials have received special attention as

they can be used in different fields like magnetic resonance

imaging, drug delivery agents, etc. [2]. Further, the

observation of peculiar characteristics like superparamag-

netism [3] in the nanoparticle phase of such materials

makes these materials objects of great interest for funda-

mental studies. Among different magnetic nanoparticles,

a-Fe2O3 has large applications in chemical industry [4]. It

can be used as catalyst, gas sensing material to detect

combustible gases [5] like CH4 and C3H8 etc. a-Fe2O3,

generally a rhombohedrally centered hexagonal structure

[6], is the most stable polymorph in nature under ambient

condition and can be easily found in mineral hematite.

Nanocrystalline oxides can be prepared by different

methods, e.g., sol–gel [7], hydrothermal [8], chemical

vapor phase deposition [9], calcinations of hydroxides [10],

radio frequency sputtering [11], gas condensation tech-

nique [12], high-energy ball-milling process [13, 14], etc.

Among these the high-energy ball-milling process has

many potential advantages. The main advantage is large

quantities of samples can be produced in a very short time,

and the process is relatively simple and inexpensive.

In the present work, ball-milling process has been

adapted to prepare nanocrystalline Fe2O3 samples. The

optical and defect properties of the prepared nanocrystalline

samples have been studied by employing UV spectroscopy

and coincidence Doppler broadening of the electron posi-

tron annihilation c-radiation (CDBEPAR) spectroscopy,

respectively. Employing the UV absorption spectroscopic

method [15] the changes in the band gap for direct transi-

tions for all the samples (milled and unmilled Fe2O3) have

been measured. The defect parameter in the band gap has

also been estimated from the optical absorption data.

During the preparation of nanocrystalline oxides by the

ball-milling process, large numbers of defects are intro-

duced in the material [14–16]. In the nanocrystalline phase

the surface-to-volume ratio is very high, hence the surface
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defects play important role in determining the optical,

magnetic, and electronic properties of the material. Thus it

is very important to study these defects. Presently,

CDBEPAR spectroscopic technique, a powerful technique

to study the defects in a material [17, 18], has been

employed to study the defects in the different hour ball

milled as well as the unmilled samples.

In the CDBEPAR spectroscopic technique, positron from

the radioactive (22Na) source is thermalized inside the

material under study and annihilate with an electron emit-

ting two oppositely directed 511 keV c-rays. Depending

upon the momentum of the electron (p) these 511 keV

c-rays are Doppler shifted by an amount ±DE in the labo-

ratory frame, where DE = pLc/2; pL being the component

of the electron momentum p toward the detector direction.

By using two identical high-resolution HPGe detectors one

can measure the Doppler shifts of these 511 keV c-rays

[18]. The wing part of the 511 keV photo peak carries the

information about the annihilation of positrons with the

higher momentum electrons, e.g., core electrons of different

atoms. Thus by measuring the Doppler broadening of the

511 keV c-ray and proper analysis of the CDBEPAR

spectrum [14] one can identify the electrons with which

positrons are annihilating.

Experimental outline

a-Fe2O3 of purity 99.998% (Alfa Aesar, Johnson Matthey,

Germany) has been milled in a Fritsch Pulverisette 5 plan-

etary ball mill grinder with agate balls for different hours to

achieve lower particle size. The ball-to-powder mass ratio

has been fixed to 12:1. The powder X-ray diffraction (XRD)

data has been collected in a Philips PW 1710 automatic

diffractometer with CuKa radiation. In each case scanning

has been performed in between the 2h range 20–90� in a step

size of 0.02�. The average particle size of the sample has been

calculated from Williamson–Hall plot [19]

b cos h ¼ Kk=Dþ 2e sin h

where D is the average particle size, b is the full width at

half maximum (FWHM), K is a constant (=0.89), k is the

wavelength; h is the Bragg angle, and e is the strain

introduced inside the sample. The XRD patterns (Fig. 1)

for differently milled and unmilled samples show a-Fe2O3

lines only, implying that none of the other oxide phases

have been developed during ball milling.

Transmission electron microscopy (TEM) with TECNAI

S-TWIN (FEI Company) electron microscope operating at

200 kV has been used to estimate the average particle size

of the different hour ball-milled Fe2O3 samples. Powder

ultrasonically dispersed in alcohol was put on a standard

microscope grid for the TEM work.

For the CDBEPAR measurement, two identical HPGe

detectors (Efficiency: 12%; Type: PGC 1216sp of DSG,

Germany) having energy resolution of 1.1 keV at 514 keV

of 85Sr have been used as two 511 keV c-ray detectors,

while the CDBEPAR spectra have been recorded in a dual

ADC-based multiparameter data acquisition system (MPA-

3 of FAST ComTec., Germany). A 10 lCi 22Na positron

source (enclosed in between thin Mylar foils) has been

sandwiched between two identical and plane faced pellets

[20]. The peak-to-background ratio of this CDBEPAR

measurement system, with ± DE selection, is *105:1 [21,

22]. The CDBEPAR spectrum has been analyzed by

evaluating the so-called lineshape parameters [17, 21] (S

parameter). The S parameter is calculated as the ratio of the

counts in the central area of the 511 keV photo peak

511 keV� Ec

�
�

�
�� 0:85 keV

� �

and the total area of the

photo peak 511 keV� Ec

�
�

�
�� 4:25 keV

� �

. The S parameter

represents the fraction of positron annihilating with the

lower momentum electrons with respect to the total elec-

trons annihilated. The statistical error is *0.2% on the

measured lineshape parameters. The coincidence DBEPAR

spectra for the unmilled and the milled samples have been

also analyzed by constructing the ‘‘ratio-curves’’ [18, 21,

22] with respect to defects-free 99.9999% pure Al single

crystal (reference sample). The electronic absorption

spectra [23] of the Fe2O3 nanoparticles have been recorded

on HitachiU-3501 spectrophotometer in the wavelength

range of 200–1,500 nm.

Results and discussion

Figure 1 represents the XRD pattern for the unmilled, 1, 6,

10, and 20 h milled samples. Particle size as calculated

from the Williamson–Hall plot for the unmilled sample is

120 nm. Figure 2 shows the Williamson–Hall plot for 2 h
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Fig. 1 X-ray diffraction pattern for the unmilled and milled samples
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milled sample. Particle size and the strain introduced inside

the samples due to ball milling have been calculated from

the intercepts and slope of the straight line fitted curve as

shown in Fig. 2. Table 1 represents the particle sizes and

strain values for the unmilled and the milled samples

(calculated from the Williamson–Hall plot). From Table 1

it is clear that the strain increases with increasing milling

hour. Increase of strain with the milling hour suggests the

formation of defects in the milled sample.

Figure 3 shows the variation of particle size with milling

hour. From Fig. 3 it is clear that with the ball-milling

process the particle size cannot be lowered continuously,

rather it becomes saturated after some specific milling

hour.

Figure 4a–c represents the TEM micrographs for the

unmilled, 10 and 20 h milled samples, respectively. From

the TEM pictures the measured particle sizes are 206, 14,

and 10 nm for unmilled, 10 h milled, and 30 h milled

samples, respectively. The lattice parameters ‘‘a’’ and ‘‘c’’

for the unmilled and milled samples have been calculated

from different diffraction lines of the XRD pattern (Fig. 1).

Figure 5 shows the variation of the lattice parameters ‘‘a’’

and ‘‘c’’ with milling hour. From Fig. 5 it is observed that

both the lattice parameters (‘‘a’’ and ‘‘c’’) decrease with

increasing milling hour. This clearly indicates that with

milling, large number of defects have been introduced

inside the milled samples.

To observe the effect of milling in the band gap, the

optical absorption spectroscopic technique has been used.

The spectral absorption coefficient, a, is defined as [24]

aðkÞ ¼ 4pkðkÞ=k

where k(k) is the spectral extinction coefficient obtained

from the absorption curve and k is the wavelength. Figure 6

represents the absorbance curve for unmilled, 8 h milled,

and 20 h milled samples. The inset of Fig. 6 shows the

absorbance curve in some specific wavelength region. From

Fig. 6 it has been observed that in case of ball-milled (8 and

20 h) samples the absorption maxima occur at 303 and

306 nm, whereas for the unmilled sample the absorption

maximum is at 304 nm. Thus the position of the absorption

maxima remains almost the same for the unmilled and the

8 h milled samples, whereas for the 20 h milled sample it is

on the longer wavelength side (306 nm).

The band gap, Eg (for a direct transition between the

valence and conduction band), is obtained by fitting the

experimental absorption data with the following equation

ahc�Aðhc� EgÞ1=2
for a direct transition, [25]

where hc is the photon energy, a is the absorption coeffi-

cient, Eg is the band gap, and A is a characteristic
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Fig. 2 Willamson–Hall plot for 1 h milled sample

Table 1 Value of strain for the unmilled and different hour ball

milled samples

Milling hour Particle size (nm) Strain (%)

Unmilled 120 1.2 9 10-3

30 min 76 2.0 9 10-3

1 h 56 5.7 9 10-3

2 h 51 7.9 9 10-3

4 h 42 15.0 9 10-3

6 h 32 11.6 9 10-3

8 h 30 60.5 9 10-3

10 h 29 84.2 9 10-3

15 h 26 86.2 9 10-3

20 h 26 86.5 9 10-3

30 h 20 89.4 9 10-3
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Fig. 3 Variation of particle size (estimaetd from Scherrer formula

and Williamson–Hall plot) with milling hour
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parameter independent of photon energy. Figure 7a, b

represent the absorption curves of different ball-milled

Fe2O3 powder for direct transition. The value of band gap

Eg (for direct transition) has been obtained from the

intercept of the extrapolated linear part of the (ahm)2 versus

hm curve with the energy (hm) axis. The band gap for direct

transition (estimated from Fig. 7a, b) for the unmilled

sample is 2.62 eV at the wavelength 473 nm, whereas for

1, 4, 6, 8, 10, and 20 h milled samples it is 2.59, 2.56, 2.54,

2.52, 2.49, and 2.49 eV at 479, 485, 489, 493, 497, and

498 nm, respectively. The variation of the band gap (for

direct transition) with the inverse of particle size (D) fol-

lows a linear fit with a negative slope (Fig. 8). The

decrease of band gap with decreasing particle size may be

due to the enhanced band bending effect [26, 27] at the
Fig. 4 TEM micrographs for (a) unmilled, (b) 10 h milled, and (c)

30 h milled Fe2O3 samples, respectively
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particle boundaries or may be due to the defects introduced

in the milled samples.

In the energy region hm\ Eg, i.e. near the band edge, the

absorption coefficient follow the relation [23]

a ¼ a0exp(hm=E0)

where a0 is a constant and E0 is an empirical parameter

which represents the width of the band tail states. E0 may

be considered as the defect parameter in the band gap

energy value [26]. E0 can be obtained from the slope of the

linear part of ln(a) versus E curve in the E \ Eg region.

Figure 9 shows the ln(a) versus E curve for the unmilled,

8 h, and 20 h milled samples. The values of E0 as calcu-

lated from the intercept of the extrapolated linear part of

the ln(a) versus hm curve with the energy (hm) axis are

plotted in Fig. 10 with inverse of the particle size (D). It is

clear from Fig. 10 that with lowering the particle size (by

increasing milling hour) the defect parameter E0 increases
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linearly. This confirms that lowering the particle size by

increasing milling hour, a large number of defects have

been introduced inside the samples.

To identify the defects, CDBEPAR measurement tech-

nique has been employed. In case of nanocrystalline

materials, the positron diffusion length plays an important

role, as after entering a material the positron becomes

thermalized and diffuses inside the material. The typical

positron diffusion length is *100 nm [28], which is larger

than the average particle size of the milled samples.

Therefore, compared to the unmilled sample (particle size

*120 nm), positrons annihilate more at the grain surfaces

in the milled samples.

Figure 11 represents the variation of S parameter with

milling hour, where S parameter increases with milling

hour. In general, the increase of the S parameter suggests

either the positrons are less annihilating with the core

electrons or an increase of the number of lower momentum

electrons at the positron annihilation site [17, 20–22]. Thus

from the variation of S parameter with milling hour it can

be concluded that either positrons are less annihilating with

the core electrons of Fe and O or more annihilating with the

lower momentum electrons.

To identify the nature of defects in the milled samples,

the CDBEPAR spectra for the unmilled and ball milled

Fe2O3 have been analyzed by constructing the ratio curve

[20, 29] with the CDBEPAR spectrum of the defect-free

99.9999% pure Al single crystal (Fig. 12). From Fig. 12 it

is clear that there is a peak at *10 9 10-3 m0c and a flat

region at *20 9 10-3 m0c for unmilled, 1 h, and 20 h

milled samples. Using the relation E = p2/4m0 the kinetic

energies of the electrons corresponding to momentum

pL * 10 9 10-3 m0c and 20 9 10-3 m0c comes out to be

*13 and 51 eV, respectively. The annihilation of positrons

with 2p core electrons of oxygen and 3d core electrons of Fe

are mainly contributing to the peak at 10 9 10-3 m0c, while

the annihilation of positrons with the 3p core electrons of

Fe contribute to the flat region (pL * 20 9 10-3 m0c).

Figure 13 represents the ratio curve for the ball-milled

Fe2O3 with respect to unmilled Fe2O3. A broad dip from the

momentum range *7 9 10-3 m0c to *22 9 10-3 m0c

is prominent (Fig. 13) in the 20 h milled sample. Thus from

Figs. 12 and 13 it can be concluded that positrons annihi-

lation with the core electrons (both 3d and 3p) of Fe

decreases with increasing milling hour. This indicates the

formation of cation type of defects (Fe vacancy) at the grain

Fig. 12 Ratio of the experimental electron positron momentum

distributions for unmilled, 1, 20, and 30 h milled Fe2O3 samples to

the electron positron momentum distributions for the defect-free

99.9999% pure Al single crystal

Fig. 13 Ratio of the experimental electron positron momentum

distributions for 1 and 20 h milled Fe2O3 samples to the electron

positron momentum distributions for the unmilled Fe2O3 samples
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surface of the milled Fe2O3 system, which is in agreement

with the earlier observation of formation of cation type of

defects in different oxide samples due to the ball-milling

process [14, 15].

Conclusions

Nanocrystalline Fe2O3 samples have been prepared by the

ball-milling process. Particle sizes of the milled and the

unmilled samples have been estimated from XRD pattern

and TEM micrographs. The strain introduced inside the

sample increases with ball milling hour. Ratio curve

analysis of the CDBEPAR spectra for the different hour

milled and unmilled samples indicates the formation of

cation type of defects at the grain surfaces due to the ball-

milling process. Direct optical band gap decreases with

decreasing particle size but the defect parameter (as cal-

culated from the band tail near the absorption edge of the

absorption spectra) increases linearly with milling hour (or

decreasing particle size). Finally, it has been concluded that

due to ball milling the average particle size of the Fe2O3

decreases, but due to the formation of cation type of defects

the optical band gap decreases.
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