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Abstract: The effect of mechanical milling induced strain and particle size reduction on structural, micro-structural and
magnetic properties of un-milled and milled polycrystalline samples of yttrium iron garnet, Y3FesO;, (YIG), for different
duration, 3, 6, 9 and 12 h, have been studied using X-ray powder diffractometry, scanning electron microscopy, infrared
spectroscopy, Mossbauer spectroscopy, high field magnetization and low field (0.5 Oe) ac susceptibility measurements.
YIG on milling is found to decompose into Y;FesO;, and yttrium ortho-ferrite, YFeOs, phases, as reflected from various
characterizations. The infrared and Mossbauer spectroscopic studies give an indication for the loss of oxygen on milling.
The shift in Neel temperature with particle size reduction has been described by finite size scaling. The observed changes in
M-H loop are mainly due to strain induced increase in surface anisotropy on milling. The two transitions have been
observed in the thermal variation of ac susceptibility curves, corresponding to ferrimagnetic YIG-phase and another due to

weak ferromagnetic YFeOj3-phase.
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1. Introduction

Yttrium iron garnet, YsFesO, (YIG), is a widely investi-
gated compound owing to its specific magneto-optical
properties [1], e.g. in electromagnetic transmitters with
YIG-based magnetic feeders used for seabed logging
application [2]. Three-dimensional magneto photonic
crystals composed of YsFesO;, and BiFeO; possess
interesting optical and magneto-optical properties [3].
Y;FesO;, in single crystalline, polycrystalline, thin film
and nanoparticles forms, finds applications in magnetic
microwave devices, absorber or shielding materials, irra-
diation studies etc. [4, 5]. Recently, a significant magneto
dielectric coupling has been reported in Tbi;FesO;, and
LusFesO,, garnets, showing the potential for new
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applications. In this class of materials, Y3FesO;, is the
most studied and serves as a role model in many
applications.

However, high sintering temperature (>1,450 °C) and
long soaking time (>10 h) are required to synthesize YIG
materials with sufficiently high density [6]. Furthermore,
based on the atomistic simulation studies, it has been
suggested that in yttrium iron garnet, formation of perov-
skite YFeOj; phase rather than non-stoichiometric phases,
is more likely on the application of an external agencies
(swift heavy ion irradiation, high energy ball milling, large
size cationic substitution, etc.), as there is very little dif-
ference in the lattice energy of the two phases: Y;FesOq,
and YFeOs; [7].

Due to their reduced size, these nano particles may
possess novel and/or improved properties in comparison to
the bulk materials. This has renewed interest to study dif-
ferent properties of pure and substituted magnetic oxide
systems, in general and ferrites, in particular in the
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nanocrystalline regime. Various synthesis techniques have
been used for preparation of nano materials. Mechanical
attrition—ball milling is a technique which has also been
used widely for preparation of nano structured materials
[8]. Because of its simplicity and the applicability to
essentially all classes of materials, this has become a
popular method to make nanocrystalline materials [9, 10].
The major advantage often quoted about the ball milling
technique, is the possibility for easily scaling up to tonnage
quantities of materials for various applications. In fact
contamination problem is often given as a reason to dismiss
the method at least for some materials [11]. Earlier, the
effectiveness of a milling process has been assessed con-
sidering changes in the particle size, its distribution and
shape. But recently, it has been apparent that in order to
characterize a powder more fully, the strain induced during
the milling process has to be considered.

In the last couple of years many research articles
describing the effect of grain size on various properties of
pure yttrium iron garnet synthesized by various soft
chemical routes (bottom-up approach) are available in the
literature [12-18]. Concentrating only on nanoparticles
prepared by high energy ball milling (top-down approach)
and its effect on various physical properties of pure iron
garnets, only a couple of research reports are available [19—
24]. Interest in nano structured materials based on yttrium
iron garnet is explained by both the fundamental problems
of the physics of nanocrystalline magnetic materials and
the prospects of their use in coatings, nano composites,
ferro-fluids, etc. [13]. The majority of previous investiga-
tions have focused on its magnetic and magneto-optical
properties. There have been a few studies on the dielectric
properties of YIG [25, 26].

In this connection, we have studied earlier the elastic
properties determined from ultrasonic pulse transmission
technique [27], Mossbauer spectroscopic studies [28] on Y;_
Fes 01, system and pre and post effect of swift heavy ion
irradiation (SHII) on M-H loop characteristics [29], SHII
induced ion beam mixing employing X-ray diffraction and
Mossbauer spectroscopy [30], dielectric properties [31],
structural and electrical properties [32] and permeability
spectral analysis and microstructural parameter determina-
tion [33], for yttrium—excess polycrystalline yttrium iron
garnet, Y3, Fes_ O, (x = 0.0-0.6), system. On the other
hand, the effect of high energy mechanical milling on the
structural properties [34], X-ray Debye temperature [35],
infrared spectral evolution, elastic, optical and thermody-
namic properties [36] of NigsZngsFe,O4 spinel ferrite
composition have been investigated.

This paper is devoted to study the effect of high energy
mechanical milling on structural, micro-structural, optical and
magnetic properties of Y3FesO, as a function of particle size,
milling time and temperature. This comprehensive study

contributes new dimension in the field of nanocrystalline
ferrite materials and structure—property co-relation. Detailed
review articles on the mechanical alloying and milling,
properties and applications of yttrium iron garnet can be found
in [37, 38].

2. Experimental details

Bulk quantity (about 15 g) of polycrystalline yttrium iron
garnet, Y3FesO;, (YIG), composition was prepared by the
usual double sintering ceramic technique. 99.9 % pure
powders of ferric oxide, Fe,O5; and yttrium oxide, Y,Os3,
supplied by E. Merck were thoroughly mixed in appro-
priate stoichiometry to yield the desired composition and
then wet-ground by blending with acetone in an agate
mortar and pestle for 4 h. The mixture was dried and
pressed into pellets at a pressure of 2 x 107 kg/m? using a
Hydraulic Press (BIMPEX Machines Instrumentation,
Mumbai, India).

The pellets were pre-sintered at 1,100 °C for 24 h. After
regrinding and re-pelletizing, in the final sintering process,
the sample was kept at 1,500 °C for 24 h and slowly cooled
to room temperature at the rate of 2 °C/min. The pre-sin-
tering and sintering processes were carried out under an air
atmosphere. The synthesized sample (un-milled sample) was
milled in an Ar-atmosphere up to 12 h using a high energy
laboratory ball milling (SPEX 8000 mixer). Silicon balls
were used for ball milling in agate vial. To improve particle
mobility during milling process, water was added to the
container. The milling process was interrupted after selected
milling duration (3, 6,9 and 12 h) to remove small amount of
powder, which was heated in air at 50 °C to completely dry.

The experimental details regarding the X-ray powder
diffractometry, infrared spectroscopy, scanning/transmis-
sion electron microscopy and 57 Fe Mossbauer spectro-
scopic measurements had been described elsewhere [27,
28, 34, 36]. The ac susceptibility measurements on pow-
dered samples were made in the temperature range
300-850 K using a double coil set-up [39] operating at a
frequency of 263 Hz with r.m.s. field of 40 A/m. To
investigate the macroscopic magnetic behaviour, magnetic
moments of the samples at 20 K were recorded using a
vibrating sample magneto meter (VSM) going up to 9 kOe
of an external magnetic field.

3. Results and discussion

3.1. X-ray powder diffraction patterns analysis

The X-ray powder diffraction (XRD) patterns recorded at
300 K for un-milled and milled samples of Y3;FesO,, for 3,
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Fig. 1 X-ray diffraction patterns for (a) un-milled (b) 3 h (¢) 6 h
(d) 9 h and (e) 12 h milled samples of YIG

6, 9 and 12 h are shown in Fig. 1(a)-1(e). Refinement
analysis leading to indexing and calculation of the struc-
tural parameters is performed using the powder—x software
[40]. The patterns confirm the formation of single phase
bcc garnet structure for un-milled sample, with no extra
lines corresponding to any other crystallographic phase or
un-reacted ingredient. It is found from the patterns that the
additional orthorhombic phase of yttrium orthoferrite
(YFeO3) (marked as *) grows in intensity for the milled
samples.

The XRD patterns for all the milled samples are indexed
for bee-garnet phase (space group: Oi’-la3d) and ortho-
rhombic phase of YFeOs; (space group: Pnma) using
standard structural data files obtained from PCPDFWIN

program (PDF card No: 83-1027 and 86-0171, respec-
tively) and the corresponding Bragg planes are shown in
the profiles. The values of lattice constants, determined for
both the phases for all the samples using X-ray data, are
shown in Table 1 for different milling times.

It is observed that the lattice constants for orthorhombic
phase remain uninfluenced by milling time and have values
close to that of pure, yttrium orthoferrite [41]:
(a=15562A, b=7577 A and ¢ = 5257 A). On the
other hand, lattice constant value for garnet phase increases
linearly with the increase in milling time up to 6 h and then
decreases with further increase of milling time (Table 1).

The observed increase in lattice constant for garnet
phase from un-milled sample to 6 h milled samples could
be due to one or more of the following causes: (i) The
strong internal strain introduced during mechanical milling
treatment causing increase in plane spacing results in the
unit cell expansion. (ii) The formation and presence of
Fe”" ion with larger cationic radius of 0.74 A, as compared
to 0.64 A of Fe’t ions, may also be the reason for lattice
expansion. The formation of ferrous ion is quite probable in
such systems. (iii) There could be un-paired electronic
orbital at the outer surface dipoles repelling each other and
resulting in a larger value of equilibrium lattice constant
than in the bulk crystal [42]. (iv) The observed increase in
unit cell parameter may be due to a negative pressure effect
[8], which is associated with decreasing grain size in this
oxide system.

The second probability is ruled out as presence of Fe*™
is reflected clearly in isomer shift value in Mossbauer
spectral analysis, as ferrous ions have larger positive iso-
mer shifts than ferric ions. According to Drickamer et al.
[43], transition metal oxides possess partial covalence due
to the interaction between the 3d electrons of the transition
metal and the oxygen nucleus. This covalence is found to
increase with increasing pressure. The negative pressure
effect increases the ionicity, breaking the directional nature
of the bonds and hence stabilizing the more symmetrical
structure. For example, Ayyub et al. [42] have observed the
transformation of rhombohedral structure of «-Fe,O3 to the

Table 1 Percentage (%) of phase, lattice constants, bulk density (p) and X-ray density (p,) values for un-milled and milled samples of YIG

Sample % of phase Lattice constants + 0.002 A Bulk density X-ray density
/em? ) (g/cm?

Y3F65012 YIG YFeO3 YIG YFeO3 (p) (g ) (p ) (g )

a=b=c a b c

Un-milled 100 - 12.377 - - - 4.572 5.170

3h 25.6 74.4 12.382 5.26 7.59 5.55 4.890 5.164

6h 21.1 78.9 12.435 5.25 7.57 5.58 4.586 5.098

9h 252 74.8 12.380 5.25 7.57 5.58 4.545 5.166

12 h 26.9 73.1 12.371 5.25 7.58 5.58 4.527 5.177
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more symmetrical cubic structured gamma-Fe,O; on
decreasing grain size. Similarly, Prabhu et al. [8] have
found that on decreasing grain size by mechanical milling
in the case of copper ferrite, CuFe,Qy,, tetragonal distortion
or deviation from cubic symmetry (c/a > 1) decreases and
the system transfers to the more symmetrical cubic struc-
ture (c/a = 1). In the present case un-milled yttrium iron
garnet with more symmetrical single bcc-garnet phase
transforms into the less stable mixed phase system on
milling (Table 1). Thus, the fourth probability is also ruled
out. Hence, the first and third causes may be responsible for
the observed increase in lattice constant value for 3 and 6 h
milled samples.

The probable reasons for reduction in lattice parameter
for 9 and 12 h milled samples could be the followings:
(i) the high energy ball milling process, known to induce
cation redistribution in spinel ferrites and garnets [44]; (ii)
presence of lattice defects and their influence on the
nanoparticles, especially on the surface. In nano particles;
surface area and surface tension of the particles are high.
This in turn results in a tendency to shrink the lattice
causing reduction in the lattice constant [44]. (iii) Some of
the yttrium ions diffuse to the grain boundaries reacting
with Fe to form YFeO;. The lattice may be compressed by
the inter-granular secondary phase due to the difference in
the thermal expansion coefficients [45].

The percentage formation of the bcc garnet phase and
the yttrium orthoferrite, YFeO5 phase for these samples is
determined taking intensity ratios of most intense peak of
both the phases using the method described elsewhere [46].
The percentage of orthoferrite phase is: (100 X I,,4,,)/
Uortho + Lgarner)s where I, and Iy, are the integrated
highest band intensities of orthoferrite and garnet phase
X-ray diffraction peaks, respectively. Accordingly, the
calculated percentage of orthoferrite phase is ~75 %. The
maximum percentage of YFeO3; formation is found for 6 h
milled sample (Table 1). The variation of bulk density (p)
and X-ray density (p,) of Y;FesO;, composition as a
function of milling time is given in Table 1. The variation
of p, is consistent with the change in lattice constant (a) as
a function of milling duration (Table 1).

3.2. Particle size, strain, surface area and surface
energy determination

The average particle size (D) for the ball milled samples is
calculated from the broadening of the respective high
intensity (420) peak for YIG phase and (121) peak for
YFeO; phase using the Debye—Scherrer formula: D = (K
A)I(B cos ). Here, 4 is the wavelength of the CuK, radi-
ation (1.54059 A), shape factor K = 0.9, related both to the
crystalline shape and the way in which B and D are defined.
B is the contribution to the XRD peak width (FWHM) due

to the small size of crystallites in radians. The contribution
must separate out from the measured line width B,,, which
includes instrumental broadening, B;,, is always present
irrespective of the particle size. For this, one can record
XRD pattern of a well crystallized, bulk standard material
such as silicon powder under identical geometrical condi-
tions and measure the peak width, B;,;. Usually, instru-
mental broadening (B;,;) of a conventional X-ray powder
diffractometer is 0.1°. The broadening parameter B is
obtained from the relation: B = (B2, — Bi,)"?, where,
B;,s = 0.1° (= 0.00174 radian).

Here, the particle size is calculated for both the phases,
considering the B (FWHM) obtained by Gaussian fitting of
most intense peak of both the phases. The average particle
size reduces from ~26 nm for 3 h milled sample to
~10 nm for 12 h milled sample (Table 2). The particle
size decreases with increasing milling time because the
kinetic energy generated by the series of collisions among
balls is transformed to the system.

The particle size when calculated at different Bragg’s
angle (0) values is at variance, indicating the presence of
strain. Along with reduction in particle size, creation of
non-uniform strain in the system also contributes in peak
broadening, which is due to systematic shift of atoms from
ideal positions, creation of point defects, plastic deforma-
tion or poor crystallization produced in the system as a
result of prolonged high energy ball milling. Therefore, we
have calculated strain (non-uniform) produced in the sys-
tem as a result of milling. The probability of uniform strain
is ruled out based on the fact that uniform strain contributes
to shifting of d-spacing of the planes and hence the change
in lattice constant values, but change in d-spacing values
of only YIG phase peaks and not in the YFeO5 phase peaks
is observed. It is found that the diffraction lines corre-
sponding to garnet phase shift to lower Bragg angle for 3
and 6 h milled samples, while it shifts to higher angle for 9
and 12 h milled samples with reference to peak positions
for un-milled sample. The reduction in diffraction line
intensity has also been observed in Fig. 1(b)-1(e). These
observations suggest that non-uniform strain is produced in
the samples due to mechanical milling.

The average lattice strain of all the milled samples has
been calculated using the formula given by Stokes and
Wilson [47] who first observed that strained or imperfect
crystals contain line broadening of a different sort, from the
broadening that arises from small crystallite size. Accord-
ingly, lattice strain value can be calculated from the rela-
tion [48]: &y, = f/{4 tanO}, where, &, is the weighted
average strain and f3; is the integral breadth of a reflection
located at 20 (in radians). As milling time increases, value
of lattice strain increases (Table 2).

Attempt has been made to calculate surface area (S) and
equivalent surface free energy for all the milled samples.
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Table 2 Particle size, lattice strain, surface area (S) and equivalent surface free energy values for un-milled and milled samples of YIG

Sample Particle size (nm) Lattice strain (%) Surface area (S) Equivalent surface free
blank;(cm?/g) x 10* energy (cal/g)

Y;FesOq, YIG YFeO; Average YIG YFeO; Average
Un-milled 1.8 (um) - - - - - -
3h 24.8 26.2 25.5 - - - 48.11 11.4
6 h 16.2 15.6 15.9 0.981 0.732 0.856 82.29 19.5
9h 132 134 13.3 0910 0910 0.910 99.27 23.5
12 h 9.4 114 104 1.083 1.042 1.062 127.44 30.2
Assuming all the particles to be spherical, the specific
surface area in metre square per gram is given by [48]: 40_(3)
S = 6,000/D p, where D is the particle diameter in nm and
p is the density of the particle in g/cm®. The specific sur- 40 | 5'72.?6
face area (Table 2) of the particle increases as the particle 60169
size decreases. £ 30-

The surface free energy calculated assuming the parti- 'g'
cles to be spheres with a surface energy of 1,000 erg/cm? n
[49], increases with decreasing particle size (Table 2). In E
the case of nanoparticles, surface atoms are not bounded to E 20 - | 462.'83
the maximum number of nearest neighbours and are = 565.04
therefore in a higher energy state than the atoms at interior
positions. The bonds of these surface atoms that are not
satisfied give rise to a surface energy. In the field of nano- 10
magnetism this surface energy plays a very crucial role. 449,54

. 576.62

The surface area and equivalent surface free energy for all —
the samples are given in Table 2. 1000 800 600 400

3.3. Infrared spectral analysis

Room temperature (300 K) infrared spectra in the wave
number range 400-1,000 cm™' for the different samples
are shown in Fig. 2(a)-2(d). No absorption band is
observed above 700 cm™'. The spectrum of un-milled
sample exhibits three bands at 572.76, 601.69,
663.40 cm ™' and can be assigned to asymmetric stretching
of the tetrahedron in the YIG [6]. There are characteristic
bands of the garnets [50]. FT-IR spectra of 3, 6 and 12 h
milled samples are characterized by absorption bands at
569 & 5 and 456 & 7 cm™".

It has been reported by Mathur et al. [51] that these two
absorption bands correspond to the Y-O and Fe-O
stretching frequencies of YFeOz; compound. On the con-
trary, it has been well establish by Venugopalan et al. [52],
that the absorption bands associated with the heavier Y
jons (88.9 amu) lay in the region below 300 cm™'. On the
other hand, based on infrared and electronic spectral
studies of rare earth perovskites [51] it has been shown that
IR spectra of LnAOj (Ln is the rare earth ion or yttrium and

wavenumber{cm')

Fig. 2 Room temperature (300 K) infrared spectra for (a) un-milled
(b) 3 h (c) 6 h and (d) 12 h milled samples of YIG
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Fig. 3 Infrared spectra of (a) Y,O3; and (b) Fe,O5 at 300 K
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A=Cr, Mn or Fe) perovskites are comparable to the spectra
of the corresponding transition metal sesquioxides, A;Os.
This implies that Ln ion does not affect IR spectra of
perovskites compounds. Also recorded IR spectra of con-
stituent oxides: Y,Oz; and Fe,0z, are shown in
Fig. 3(a) and 3(b), respectively.

The spectra show identical nature with two absorption
bands in wave number range studied. These spectra are also
identical in nature with those observed for milled samples
of YIG. In the present case, the milled samples possess
mixed phase of bcc garnet phase and orthorhombic phase
of YFeOs;. Based on the above facts, it is clear that the two
absorption bands observed for Y,O3 or milled samples of
YIG cannot be due to Y-O vibrations.

It is concluded that high frequency absorption band at
569 & 5 cm™! is due to combine effect of asymmetric
stretching vibrations of the tetrahedron of the YIG-phase
and the motion of the in-plane oxygen atoms of YFeOs-
phase. The low frequency absorption band at
456 + 7 cm™ ! involves bending motion of the tetrahedral
of YIG-phase, which is not observed for the un-milled
sample of YIG but may be enhanced due to mechanical
milling induced strain in the milled samples, as well as
the apical oxygen vibrations of YFeOj-phase. These
results are consistent with IR/Raman spectral analysis of
materials with similar structure [52, 53].

A careful examination of IR spectra of milled samples
show that (i) high frequency absorption band shifts towards
lower frequency side, (ii) low frequency band shifts
towards higher frequency side on milling and (iii) intensity
of absorption bands for 3 h milled sample is maximum
while for 6 and 12 h milled samples intensity remains
unaffected by milling time. Intensity of absorption bands
for 12 h milled sample is slightly greater than absorption
bands intensity for 6 h milled sample.

The observed shifting of the bands may be due to micro-
structural changes. The Fe—O bond lengths and angles
show a variation because of the mechanical milling
induced strain. The observed change in position of
absorption bands with milling time may also be due to
oxygen vacancies [54, 55] created by high energy ball
milling. On the other hand, it is known that intensity of
infrared absorption bands can give useful information
concerning the change of electric dipole moment with
inter-atomic distances and the charge on each ion. Based
on the above fact it is felt that for 3 h milled sample,
relative displacement of atoms (d;) and the effective charge
on different ions (g;) get changed in a such a way that the
magnitude of electric dipole moment (p; = ¢; - d;) increa-
ses and as a result intensity of the absorption band. The
observed change in intensity of absorption bands for 6 and
12 h milled samples may be explained in a similar
way. For a thorough understanding infrared reflectivity

measurements and the Rietveld refinement of X-ray data
may be useful.

3.4. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM)

The scanning electron micrographs of un-milled and milled
samples of YIG are shown in Fig. 4(a)—4(d). It is observed
that the milling of YIG material markedly enhances den-
sification of the material. The average particle size can be
estimated as 1.8 um for the un-milled sample. It is also
observed that the particles are stuck to each other in a
regular and uniform manner to form a network-like struc-
ture. It is evident that morphology of the milled samples
deviate from the un-milled sample: 3 and 6 h milled
samples have particles with sizes that vary over a wide
range and the small particles are getting agglomerated due
to generated heat during the milling process. The 12 h
milled sample shows multi-layer type grain growth.

Figure 5(a) and 5(b) shows typical TEM micrographs of
3 and 6 h milled samples of Y;FesO;,, respectively. It is
seen that the particles are quite well dispersed and are fairly
uniform in size. The particle size decreases with increasing
milling time. Apart from that, the particle size distribution is
quite narrow. From the micrographs it is observed that the
milled samples show nearly spherical shape particles which
may be because of the reduced size of the particles.

The particle size and its distribution is one of the most
basic parameter in nanoparticles research. The X-ray dif-
fraction pattern analysis gives the average crystallite size
and no clue about its distribution. On the other hand, TEM
can be used to measure the particle size of individual
particles and quantify the particle size distribution in the
sample. Normally, the particle size estimated from TEM is
slightly greater than the particle size estimated from X-ray
diffraction pattern analysis using Scherrer’s formula,
because X-ray diffraction gives information of the crys-
talline region only and the contribution from the amor-
phous grain surface does not contribute. On the other hand,
TEM gives the complete picture of the nano-particles [56].

3.5. °’Fe Mossbauer spectroscopic study

Figure 6(a)-6(d) shows the Mossbauer spectra of un-milled
and milled (3, 6 and 12 h) samples of YIG at 300 K. The
dots represent the experimental data and the continuous
curve results from the least square fitting of the experi-
mental data with the Lorentzian function. The ratio of the
intensities of the peaks in a sextet has been fixed as
3:2:1::1:2:3 assuming random orientation of grains in
polycrystalline samples. The relative intensities of the
Mossbauer spectra of octahedral and tetrahedral sites of
YIG are fixed to the ratio of their site population as 2:3.
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Fig. 4 SEM images for (a) un-milled (b) 3 h (¢) 6 h and (d) 12 h milled samples of YIG

Fig. 5 TEM images for (a) 3 h and (b) 6 h milled samples of YIG

The Mossbauer spectrum for un-milled sample exhibits
two superimposed asymmetric Zeeman split sextets, one
due to Fe** jons at the tetrahedral (d-) and other due to the
Fe’ ™ jons at the octahedral (a-) sites of the garnet structure.
The peak area ratio of the d- to a-sites, Ad/Aa, is ~ 1.5,
which is typical value for YIG [57]. The magnetic hyper-
fine fields are 490 and 397 kOe for the a- and d-sites,
respectively and are in agreement with earlier reports [58,
59]. The Zeeman lines for the d-sites are broader than those
for the a-sites, which suggest distribution of magnetic
hyperfine fields resulting from a perturbation in the sub-
lattice [29].

In order to gain more information regarding the com-
plicated phase evolution of YIG during milling, Mdssbauer
measurements have been carried out for the samples with
various milling duration. On milling, un-milled sample of
YIG for 3 h, a super-paramagnetic singlet and for 6 and
12 h milled samples, a super-paramagnetic doublet with a
large line-width are obtained along with sextets arising
from YIG and yttrium orthoferrite (YFeOj3) phases. The
tetrahedral site environment of garnet phase is disturbed in
such a way that it is not resolved in Mossbauer spectra of
the milled samples. It has been reported that when YIG is
subjected to swift heavy ion irradiation, the tetrahedral
sites are preferentially destroyed with respect to the octa-
hedral ones [60, 61]. In the present case, it is conjectured
that similar type of mechanism is taking place by high
energy ball-milling that has destroyed the tetrahedral site
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Fig. 6 Mossbauer spectra for (a) un-milled (b) 3 h (¢) 6 h and
(d) 12 h milled samples of YIG at 300 K

completely. Two overlapped sextets include the contribu-
tion from Fe*" at the octahedral sites of garnet phase and
Fe*' in an octahedral environment’ of the orthorhombic
orthoferrite phase. These two Fe®-sites in their respective
phases have similar environment as both are surrounded by
six oxygen ions. The co-existence of the doublet with the
sextets is due to the distribution in particle size and the
small particles exhibiting super-paramagnetism at 300 K.
This also suggests that the measurement temperature is
higher than the blocking temperature of the particles. It is
also observed that there is a considerable reduction in the
first, second, fifth and sixth line intensity on increasing
milling duration, which could be due to the grain boundary
magnetic anisotropy in the nano crystalline samples and the
spin cluster glass like structure originating from the ran-
dom interaction of crystalline particles [8].

The observations made from the variation of hyperfine
interaction parameters with particle size/milling time
(Table 3) may be summarized as follows: (i) Hyperfine
field values for YIG and YFeO; phases decrease. (ii) Iso-
mer shift value for YIG phase increases while Isomer shift
values for YFeO; phase and paramagnetic doublet
decrease. (iii) Quadruple shift/splitting show significant but

not systematic variation. (iv) Line widths of YIG and
YFeOj; phases are found to increase, while it is found to
decrease for paramagnetic doublet. (v) Area ratios for YIG
and YFeOj; phases decrease but for paramagnetic doublet
area ratio increases with decreasing particle size or
increasing milling time.

The reduction in the magnitude of the hyperfine fields on
milling is due to the relaxation effects and also because of
the surface spins of the small particles. Based on the results
of the atomic—scale magnetic modelling of the oxide
nanoparticles, Kodama et al. [62] have proposed a model of
the spin distribution within nanoscale ferrite particles
consisting of ferrimagnetically aligned core spins and a
spin glass like surface layer and this surface spin disorder
in ferrimagnetic nano-particles is due to broken exchange
bonds in the near surface layers. Alternately, the loss of
oxygen during milling might have reduced some of the
ferric (Fe*™) ions to ferrous (Fe®") ions giving rise to
higher values of the isomer shift and smaller values for the
hyperfine fields [20].

3.6. Thermal variation of low field ac susceptibility

The plots of thermal variation of low field (0.5 Oe) ac
susceptibility, (y..(T)), for un-milled and milled samples of
YIG are depicted in Fig. 7(a)-7(d), which exhibit normal
ferrimagnetic behaviour. It is observed that all the milled
samples show two magnetic transitions. The first transition
is relatively sharp and it is in vicinity of the Neel tem-
perature (Ty;) of un-milled YIG (~557 K), while the
second transition is blurred, corresponding to Neel tem-
perature, Ty, = 640 K of weak ferromagnetic YFeOj
phase [63]. The plots exhibit the tailing effect for tem-
perature T > Ty, It is also important to note that transition
temperatures and tailing effect decrease with increasing
milling time. The breaking of the super-exchange bonds as
a result of oxygen vacancies and the defects introduced
upon mechanical milling weakens the super-exchange
interactions and lower the Neel temperature. The decrease
in Ty with the milling time suggests reduction in ferri-
magnetic ordering and weakening of magnetic coupling. In
other words, the degree of long range ordering decreases as
expected due to the presence of large grain boundary vol-
ume fraction in the milled samples and as a result Neel
temperature is expected to decrease. The tailing effect in
the y..(T) plots is due to ‘spin clusters’, which are small
groups of atoms with a kind of magnetic short-range order.
These clusters of local spin order within a matrix of the
spin disorder, which constitutes a paramagnetic phase. The
observed decrease in tailing effect with milling time may
be due to the increase in micro-structural uniformity in the
material.
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Table 3 Mossbauer hyperfine interaction parameters at 300 K
Milling time Hyperfine field Isomer shift Quadrupole shifting line width Relative intensity Phase
(£1 kOe) (£0.05 mm/s) (£0.06 mm/s) (£0.05 mmy/s) (£1 %) (site)
Un-milled 490.2 0.380 0.051 0.429 40.29 YIG (octa.)
397.3 0.152 0.022 0.443 59.71 YIG (tetra.)
3h 480.9 0.077 —0.359 0.282 17.95 YIG (octa.)
490.6 0.516 —0.035 0.360 61.54 YFeO;
- 0.295 - 1.20 20.51 Singlet
6h 4823 0.419 0.120 0.572 13.30 YIG(octa.)
487.0 0.369 —0.242 0.631 26.02 YFeO;
- 0.309 0.963 1.05 60.67 Doublet
12h 441.0 0.699 —0.443 0.620 8.66 YIG(octa.)
483.7 0.400 0.034 0.626 24.54 YFeOs
- 0.282 1.02 0.930 66.80 Doublet
T T The decrease in Ty with particle size for YIG could be
explained on the basis of the finite size scaling theory [64].
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Fig. 7 Temperature dependence of ac susceptibility, yt/yrT, for
(a) un-milled (b) 3 h (¢) 6 h and (d) 12 h milled samples of YIG

This theory predicts that the shift in the transition tem-
perature from that of the bulk should depend on a dimen-
sion of the system in the following manner:

Tw(o0) = Tw(D) _ (3)9 0
TN(OO) D()

where Ty(D) is the Neel temperature as a function of par-
ticle size (D), Ty(o0) is the bulk Neel temperature, D is a
constant, it should be of the order of the characteristics
microscopic dimension of the system and ¢ is the critical
exponent of the correlation length. Depending on the
boundary conditions, geometry and interaction, the change
in Ty may be positive or negative. According to Chen et al.
[65], it is possible that Ty decreases due to some unknown
surface effect. For nano particles a significant fraction of
atoms is on the surface and it is reasonable to expect their
magnetic interaction to be different hence a different
average Neel temperature. Since, the ratio of surface to bulk
atoms in a particle is proportional to //D, such an effect, if
linearly dependent on the specific surface area, might yield
a change in T proportional to //D which would be math-
ematically equivalent to above Eq. (1) with ¢ = 1.

The straight line in Fig. 8 is obtained as a result of fitting
the experimental data using Eq. (1). The parameters
obtained from the  fit are, ¢ = 0.66 £ 0.03 and
Dy = 14.845 £ 0.01 A. This value of ¢ agrees well with
those predicted by the isotropic three-dimensional Heisen-
berg model [66] which is in the range from ¢ = 0.65 + 0.07
to0 0.733 £ 0.02. The value of Dy is of the order of the lattice
constant of YIG and hence fulfils its identification on a
microscopic length scale. Thus, it is concluded that a finite
size scaling describes the shift in T well.
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Fig. 8 Reduced Neel’s temperature shift versus particle diameter
3.7. High field magnetization studies

Figure 9(a) and 9(b) show magnetization hysteresis curves
measured at 20 K for un-milled and 9 h milled samples of
Y3Fes0y,. The saturation magnetization () value is found
to decrease from 40 emu/g for un-milled sample to
0.3 emu/g for 9 h milled sample, while coercivity (H.)
value is found to increase from 189 Oe for un-milled
sample to 590 Oe for 9 h milled sample. According to
Greneche et al. [67], the single domain size for the YIG is
300 nm and it is found that for the 200 nm particles,
coercivity is maximum. Since, the particle size (13.3 nm,
Table 2) of 9 h milled sample is much below the single
domain size, the coercivity is expected to decrease with
particle size reduction. In contrary to expectation, we have
observed 3 times increase in coercivity value for 9 h milled
sample compared with coercivity value for un-milled
sample. The observed increase in coercivity at 20 K for 9 h
milled sample may be due to the increase in the surface
anisotropy for smaller particles [20]. Moreover, the
observed increase in H, for 9 h milled sample, may also be
due to presence of magnetically hard secondary phase of
YFeOj; in the sample. It has been reported that for yttrium
orthoferrite, H. = 24.6 kOe at 250 K [49].

The o value is found to reduce by more than two order
of magnitude for 9 h milled sample. The much lower value
of o could be ascribed to one or more of the following
(i) Upon milling, decomposition process is
accelerated and a fraction of iron ions convert into anti-
ferromagnetic YFeO; which has very low saturation
magnetization (1.23 emu/g). Therefore, the total saturation
magnetization of the milled sample decreases with milling
time. The observed o, value (0.3 emu/g) for 9 h milled
sample is much lower than the o, value for YFeO;. This
suggests that beside formation of YFeOs;, other factors also
contribute to lowering the o, value. (ii) The second one is
due to defects and strain in the sample induced by ball
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Fig. 9 Magnetization hysteresis curves measured at 20 K for (a) 9 h
milled and (b) un-milled samples of Y;FesO,

milling [68]. (iii) The non-saturation of the loop suggests
the presence of the canted spin structure in the milled
sample. The canted spin structure could arise due to
weakening of the super exchange interaction on mechani-
cal milling, which could cause structural damages and
defects. The canted spin structure is linked to the effective
anisotropy, which increases because of the lattice strain
introduced on milling [20]. (iv) The surface structure dis-
order also contributes to the spin canting [69].

Further studies on magnetic parameters using dc mag-
netization measurements have been carried out. Figure 10
shows typical plot of magnetization versus temperature
(M-T) recorded in zero-field cooled (ZFC) and field cooled
(FC) modes in an external magnetic field of 200 Oe for 9 h
milled sample of YIG. The ZFC magnetization is recorded
by first cooling the samples from 273 to 20 K in zero
magnetic fields, then applying the magnetic field and
recording the moment during the warming cycle. FC pat-
tern is recorded by first cooling the sample from 273 K
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Fig. 10 FC and ZFC magnetization versus temperature curves for 9 h
milled sample

down to 4 K in the external magnetic field and then
warming it up to 273 K and recording the moment. The
ZFC curve indicates that the milled sample exhibits a
crystalline size distribution.

In an assembly of crystallites with different particle
sizes, the variation of magnetization with temperature
arises from the contribution of both ferrimagnetic and
super-paramagnetic phases in the milled samples of YIG.
The presence of ferrimagnetic phase gives a decrease of
magnetization with increasing temperature. Above 20 K,
the increase with temperature of ZFC curve can be
described to the presence of super-paramagnetic crystal-
lites, which should give a maximum in the ZFC curve [70].
We have observed broad maximum in the temperature
range 100-130 K, indicating the blocking of most of the
larger crystallites. The ZFC curve shows a shoulder
(T ~40 K), indicating the blocking of most of the smaller
crystallites. As shown in the Fig. 10, the region of irre-
versibility disappears for T > 140 K. Thus, the behaviour
of the ZFC sample can be explained by the co-existence of
both ferrimagnetic and super-paramagnetic phases. The
contribution of the super-paramagnetic phase consists of
two parts with different blocking temperatures due to
crystallite sizes.

4. Conclusions

The high energy ball milling induced structural, infrared
spectral, magnetic, electrical and dielectric properties
modifications in pristine Y3FesO;, composition have been
studied by means of various experimental techniques. The
important results are as under: the un-milled sample pos-
sesses single phase bcc structure, on milling; Y3FesOq,
decomposes into Y3FesO;, and YFeO5 phases. The lattice
constant value for garnet phase is found to change, while

that of orthoferrite phase remains unaffected with milling.
The average particle size is found to decrease while aver-
age lattice strain, surface area and surface free energy are
found to increase with milling duration. The milled sam-
ples of Y3FesO;, show two characteristic absorption bands:
high frequency absorption band is due to combine effect of
asymmetric stretching vibrations of the tetrahedron of
YIG-phase and the motion of in-plane oxygen atoms of
YFeOjs-phase, while low frequency absorption band
involves bending motion of tetrahedron of YIG phase and
apical oxygen vibrations of YFeO3.SEM and TEM image
analyses reveal considerable changes in particle size, shape
and size distribution with milling duration. °’Fe Mossbauer
spectral analysis shows presence of paramagnetic singlet/
doublet for milled samples due to the distribution in par-
ticle size and the super-paramagnetism exhibited by small
particles at 300 K. The reduction in the magnitude of the
hyperfine fields on milling is due to the relaxation effects
and also because of the surface spins of the small particles.
The hyperfine parameters show remarkable change with
milling. The Mossbauer studies give an indication for the
loss of oxygen on milling. Temperature dependence of ac
susceptibility curve for the milled samples shows two
magnetic transitions, one due to ferrimagnetic YIG-phase
and another due to weak ferromagnetic YFeO; phase. The
shift in Neel temperature with particle size reduction can
be described by finite size scaling. The observed increase
in coercivity and decrease in saturation magnetization for
9 h milled sample are mainly due to strain induced increase
in surface anisotropy on milling.

Not only the particle size but also mechanical milling
induced strain should be given due consideration during the
preparation of nano structured garnets, since it is shown to
greatly influence the phase formation and physical
properties.
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