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Summary. The effect of disordering, particularly Cr clustering on the magnetic
properties in bulk and nanosized Heusler alloy FeaCrAl has been studied using a com-
bination of X-ray diffraction, >"Fe Mossbauer spectroscopy, and DC magnetization.
The structural order/disorder has been confirmed using Mossbauer spectroscopy,
and the observed bulk magnetic properties have been correlated to these results.
Mechanical milling of the bulk alloys result in a more even distribution of Cr, reduc-
ing the clustering and hence enhancing the bulk magnetic properties with nearly no
change in the Curie temperature (T¢). Mechanical alloying of elemental Fe, Cr, and
Al give rise to a highly disordered system with higher saturation moment, retentivity,
and very enhanced Tc.

2.1 Introduction

Heusler alloys have been of interest since 1903 when Heusler [1] reported that
ferromagnetic alloys could be made from nonferromagnetic constituents Cu,
Mn, and main group elements such as Al and Sn. The ferromagnetic properties
of these alloys were related to the chemical ordering and concentration of Mn
atoms.

In general, there are two types of Heusler systems. The first is the full-
Heusler alloy, with chemical composition X5YZ, which crystallizes in the L2,
structure [Fm3m] and consists of four sets of interpenetrating fcc planes A, B,
C, and D (Fig.2.1). The A and C sublattices with Wyckoff coordinates (0,0,0)
and (1/2,1/2,1/2) are occupied by X atoms, while the B and D sublattices
with coordinates (1/4,1/4,1/4) and (3/4,3/4,3/4) are occupied by the Y and
Z atoms, respectively. The X atoms at the two different sublattices have the
same local environment rotated by 90° with respect to the (001) axis.

The second type is the half-Heusler alloy with composition XYZ, which
crystallizes in the Cl;, structure. This structure can be derived from the full
Heusler structure by leaving one of the two equivalent (A,C) sites in Fig. 2.1
vacant. In both the Heusler systems, typical X-site elements are transition
metal elements Cu, Pd, Au, Co, Ni, Fe, etc., Y-site elements are transition
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Fig. 2.1. Structure of Heusler alloys

metal elements Ti, Zr, Hf, V, Mn, Cr, etc., and Z is an s-p element like Al,
Sn, In, Sb, Ge or Ga, etc. Most of these alloys, especially the XoYZ type,
are ferromagnetic at room temperature. In addition, many of these alloys
also exhibit semiconducting [2], semi-metallic [3], Pauli paramagnetic [4],
antiferromagnetic [5], or half-metallic [6] character.

Heusler alloys are easily amenable to partial or complete substitution of
one or more of the constituent elements. This flexibility in altering the com-
position can be exploited to develop new materials with superior physical
properties such as electrical resistivity, thermal conductivity, Seebeck coeffi-
cients, heat capacity, and magnetic properties [7]. Initial studies on Heusler
alloys were limited mainly to understanding their magnetic properties using
techniques such as Mossbauer spectroscopy and perturbed angular correlation
(PAC).

However, in recent years, there has been a revival of interest in these
alloys because of possible technological applications. A recent emerging area
of technological applications of the Heusler systems is in shape memory alloys
(SMA) [8,9]. Shape memory alloys are materials that, after being strained,
revert back to their original shape at a certain temperature. In Heusler systems
like NioMnGa, magnetic control of the structural transformation is exploited
to prepare SMA systems, which are more efficient compared with conven-
tional temperature driven SMA [10]. In recent years, Heusler systems have
also been reported to be good candidates for possible applications in the
emerging field of spintronics [11]. In spintronics systems, materials having
nonequilibrium spin population are required for generation of spin polariza-
tion. Band structure calculations show that the gap in the minority spin band
in Heusler systems can lead to 100% spin polarization of electronic states
at the Fermi level [12,13]. High Curie temperature in the range 200-1,100K
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and compatibility with compound and element semiconductors make these
materials suitable for spin electronic applications.

The physical properties of Heusler alloys are dependent, to a large extent,
on the degree of disorder. Although many of the Heusler alloys are chemically
well-ordered, chemical disorder of various degrees can coexist in these systems,
depending on the constituent elements and heat treatment given to prepare
these alloys. In general, ordering is easily possible in Heusler alloys XoYZ
with Pd as X. It is observed that there is more of a tendency for disorder
in Co-based alloys when compared with Pd-based alloys, especially if Z site
elements are Sn or Al [14]. When X is Fe, the tendency for disorder is greater.
It is now well known that iron-based transition metal alloys show a great
sensitivity to environmental effects [15]. For instance, Cr, Co, or V in Fe-Al
or Fe-Si systems shows definite site preference even in the presence of disor-
der. Such preferential occupation of the different sites gives rise to clustering
effects, which influence the magnetic properties of these systems. Such clus-
tering has been observed in different Heusler systems with (Fe;_,V,)3Al [16]
being a good example. Theoretical investigation [17] of atomic disorder-effects
on half metallicity of the full-Heusler alloy Cos(Cri_,Fe;)Al shows that dis-
order between Cr and Al does not significantly reduce the spin polarization
while disorder between Co and Cr contributes to a considerable reduction of
the spin polarization. Thus, the type of atomic disorders in Heusler systems
play a crucial role in determining the spin polarization and hence their utility
as spin injection sources.

Atomic disorders and clustering effects also greatly influence the magnetic
properties of Heusler alloys [18,19]. Previous studies on bulk FeoCrAl using
the Mossbauer effect have shown that even in the presence of fairly good
chemical ordering, clustering of Cr influences the microscopic magnetic prop-
erties [14, 18, 20]. Moreover, on reduction in the grain size to the nanoscale,
vastly different magnetic properties are expected, as, for example, in the case
of Al-rich, Fe-Al systems [21]. Coupled with the ease of tailoring of magnetic
properties in Heusler systems by simple substitution — wholly or partially —
of constituents, change in the magnetic properties due to induced disorder
as well as reduction in the grain size can give rise to a whole new class
of magnetic nanosystems with improved magnetic properties like enhanced
saturation magnetization and high Curie temperatures.

The present study has therefore been undertaken to better understand the
effect of clustering and disorder on the magnetic properties of iso-structural
full Heusler system FeoCrAl. The study also aims to investigate the effect of
nanostructuring on the formation of clusters and the consequent changes in the
bulk and microscopic magnetic properties of this Heusler alloy. The magnetic
properties of nanostructured FesCrAl alloys prepared through mechanical
milling and mechanical alloying are compared with that obtained from the
study of a bulk alloy prepared through arc melting. The nanosized samples
prepared through ball milling are expected to be more disordered and could
lead to an enhancement in the magnetic properties compared to the bulk alloy.
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Although mechanical milling and mechanical alloying lead to nanostructured
alloys of the same nominal composition, the resultant alloys can have differ-
ent microstructural and magnetic properties. This chapter reports the results
of a comparative study of a bulk, mechanically milled (MM) and mecahni-
cally alloyed (MA) FeyCrAl, characterized using X-ray diffraction (XRD) in
conjunction with Mdssbauer and bulk magnetization techniques.

2.2 Experimental Methods

To prepare the bulk Fes CrAl alloy, stoichiometric quantities of the constituent
materials of at least 99.95% purity were arc melted in argon atmosphere and
annealed in vacuum (~107° torr) at first for 1,073K for 72h and further at
473K for three days more, then cooled down to room temperature in the
furnace itself. The MM and MA samples were prepared in a high-energy Spex
8000M mixer/mill using tungsten carbide balls and vials. The ball to powder
ratio in both the cases was 20 : 1. The starting material for the MM sample
was bulk Fe;CrAl alloy prepared by arc melting and that for the MA sample
was pure Fe, Al, and Cr taken in the required stoichiometric ratio. The MM
sample was milled for 30 min and the MA sample for 15h. Although the XRD
of samples MA for 5, 10, and 15h are nearly the same, Mossbauer spectra
showed the presence of a sextet corresponding to 33T, characteristic of a-Fe,
in the 5 and 10h alloyed samples, indicating that all the iron had not been
alloyed until 15h of milling. The sample MA for 15h (MA) has therefore been
chosen for comparison with bulk and MM samples. X-ray diffractograms of
the three samples were obtained using Cu Ka radiation. Room temperature
Méssbauer measurements were made using a 25mCi ®”Co (Rh) source in the
transmission mode. Fitting of Mdssbauer spectra were made using a hyperfine
field distribution program. Magnetization measurements were made on a Lake
Shore 7300 Vibrating Sample Magnetometer (VSM) up to a maximum field
of 1T.

2.3 Results and Discussion

2.3.1 X-Ray Diffraction Studies

In Fm3m symmetry, Bragg reflections with nonzero structural amplitudes
occur when Miller indices are all either odd or even. X-ray diffraction pat-
tern will show three types of reflections with structure amplitudes F as
follows [22]

1. h, k, Lall odd, e, F(1,1,1) = 4/{(fa — fo)2+ (fo — fp)2}1/2]
2. h, k, [ all even, which can be realized by two different conditions, which
are
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o (h+k+1)/2=2n+1,eg., F(200) =4|fs — fc + f& — fp
o (h+k+1)/2=2n,eg, F(220) = 4|fa + fc + fa + /ol

In the above expressions, fa, fc, fB, and fp are the average scattering
factors of atoms at the corresponding lattice sites. Reflections for which
(h+k+1)/2 = 2n are the principal reflections. As seen from the above
expression, all the average scattering factors simply add up and so any inter-
change in positions will not affect the structure amplitude F in this case.
Thus, the intensity of the principal reflections are unaffected by the state of
chemical ordering. However, the other two groups representing superlattice
reflections are sensitive to chemical ordering. Measurement of the intensities
of the superlattice reflections relative to that of the principal reflection can
give the type of chemical disordering. Johnston and Hall [23] and Ziebeck and
Webster [24] have discussed in detail the effects of different types of disorder
on the structure amplitudes of ternary alloys of the Heusler type.

Figure 2.2 shows the XRD patterns of bulk, MM, and MA samples. The
FeoCrAl (220), (400), and (422) peaks are present in all the three samples.
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Fig. 2.2. X-ray diffraction patterns of bulk FeaCrAl prepared by arc melting, nano-
sized FeaCrAl prepared by high energy ball milling of the bulk sample for 30 min
(MM) and 15h MA FeaCrAl



26 N. Lakshmi et al.

The value of lattice parameter ay for the bulk sample is 0.5803nm and is
comparable to that reported by Zhang et al. [20] and earlier reported values
[2,14]. Paduani et al. [25] have also reported similar values. Two low intensity
peaks at 27.8° and 32.2° are present in the XRD spectrum of the bulk sample,
which correspond to the (111) and (200) superlattice peaks.

The degree of ordering in the sample can be measured by looking at the rel-
ative intensities of these two peaks with respect to the fundamental (220) peak.
These two superlattice peaks disappear for the case of randomly occupied lat-
tice sites (A2 structure). In the case of the Heusler alloy CosMn;_,Fe,Si,
it has been pointed out that when Mn/Fe sites are randomly occupied by
Mn/Fe and Si, the structure is B2 and only the (200) superlattice peak would
be present, while the (111) peak vanishes [26]. When Co atoms are partly
replaced by Mn/Fe atoms in CooMn;_,Fe,Si, the intensity of the (111) super-
lattice peak would have a higher intensity than the (200) peak. They have also
pointed out that the intensity of the (111) and (200) peaks would be equal in
the case of L2y structure. Since FeoCrAl is also a Heusler alloy with a simi-
lar structure, the degree of ordering and the nature of antisite disorders can
be determined from the study of the relative intensities of the corresponding
superlattice peaks. It is seen that the relative integrated intensity of the (111)
peak is 10.1% with respect to the (220) peak, which is within expected limits
of error of the reported value of 10%, while the (200) peak has a relative inten-
sity of only 1% with respect to the (220) peak. In analogy with other Heusler
alloys, this indicates that even in the bulk sample, there is an appreciable
degree of antisite disorder, with Cr atoms replacing Fe atoms at the Fe sites.

When the bulk sample is milled for 30 min, it is seen that the fundamental
peaks are shifted to the left, indicating an expansion of the lattice. The lat-
tice constant of the sample is 0.5951 nm, equivalent to an expansion of ~2.5%
compared with the bulk sample. High energy ball milling is known to produce
lattice disorder and a high density of point defects like antisite atoms and
vacancies, which leads to an expansion of the lattice [27,28]. The relatively
high value of lattice expansion in this sample points to the high density of
antisite disorders. The presence of defects and vacancies in the present sam-
ple is also indicated by the decrease in intensity of the (111) superlattice
peak and the disappearence of the (200) peak. The broadening of the peaks
due to crystallite refinement and increase in lattice strain also contribute to
the decreased intensity of these peaks. The crystallite size calculated using
the Williamson-Hall [29] method shows that the crystallite size of the milled
sample is ~15nm after 30 min of milling.

XRD spectra of the elemental powders of Fe, Cr, and Al, MA for 5, 10, and
15h, are given in Fig. 2.3. The samples are labeled MA 5, MA 10, and MA 15
in the figure. All the three samples have similar XRD spectra, with the (220),
(400), and (422) peaks corresponding to FeyCrAl visible in all the spectra.
Since the fundamental peaks of pure Fe also lie at nearly the same 26 values,
the presence of pure Fe phase cannot be detected by XRD. However, as the
hyperfine field values of pure Fe and Fe,CrAl are very different, the presence of
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Fig. 2.3. X-ray diffraction spectra of FeaCrAl prepared by mechanically alloying
elemental powders of Fe, Cr, and Al powders for 5, 10, and 15 h. The sample denoted
as MA 15 in this figure is denoted as MA in Fig. 2.2

unalloyed Fe can be detected through Mdssbauer studies. Presence of pure Fe
phase is observed in the MA 5 and MA 10 samples, indicating that the alloying
is not complete, whereas, Mossbauer studies on the MA 15 sample do not show
evidence for the pure Fe phase. Thus, from XRD and Mdssbauer studies, it
can be concluded that the elemental powders have completely alloyed to form
FeoCrAl alloy after mechanical alloying for 15h. Therefore, only the MA 15
sample, i.e., the one MA for 15h, referred to as MA in text, has been used for
further studies.

From Fig. 2.3, it is evident that the fundamental peaks are gradually broad-
ened with increase in MA time, indicating a reduction in the crystallite size
and an increase in lattice strain. The crystallite size of the sample milled for
15h (MA), calculated using the Williamson-Hall method is ~8 nm. The lat-
tice constant for this sample is 0.588 nm, corresponding to ~1.3% expansion
with respect to the bulk. However, it is smaller than that of the MM sample.
The expansion of the lattice in this sample may be due to slight deviations
from the stoichiometry, since the mechanical alloying process could produce
other, nonstoichiometric, phases too. However, the fraction of other phases is
too low since they have not been detected by XRD and Mdssbauer studies.
The superlattice peaks are also absent in this sample (Fig.2.2), indicating
a high degree of disorder, as is expected for alloys prepared by mechanical
alloying.
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Fig. 2.4. Room temperature Mossbauer spectra and magnetic hyperfine field distri-
butions of bulk FeaCrAl prepared by arc melting and nanosized FeaCrAl prepared
by high energy ball milling of the bulk sample for 30 min (MM)

2.3.2 Mossbauer Studies

Room temperature Mossbauer spectra (Fig. 2.4) of the bulk and MM samples
show the presence of a weak, unresolved magnetic sextet and a paramagnetic
singlet. The isomer shift of the singlet is very near to zero in both the cases. On
fitting a single sextet and singlet using discrete Lorentzians, the width of the
peaks of the sextet is about two times that of natural iron. Hence, the spectra
were fitted for a distribution of hyperfine fields using Windows programme [30]
and the corresponding hyperfine field distribution (HFD) is also shown in
Fig.2.4. The line widths of the individual Gaussians were constrained to be
equal to that of a-iron.

The hyperfine field distribution of the bulk sample consists of a domi-
nant paramagnetic component, a component centered on 9.5 T and two higher
magnetic field components of almost equal intensity (Fig.2.4). Temperature-
dependent Mossbauer studies [14] on bulk FeyCrAl has shown that the
paramagnetic peak is present even at low temperatures. From these studies,
it was concluded that the paramagnetic singlet in the bulk sample is due to
Cr atoms replacing Fe at Fe sites, leading to the clustering of Cr atoms. This
is consistent with the conclusions drawn from XRD studies that Fe-Cr type
disorder is still present in the sample. Such antisite disorder has been observed
in well-ordered samples of other Heusler alloys such as CosFeSi [31] also.

The magnetic hyperfine field distribution (HFD) for the bulk sample shows
two high field components of almost equal intensity centered at 28.6 and 19.8 T
in addition to a low field component at 9.5T. Fe at the equivalent A and C
sites in a fully-ordered Heusler structure have the same environments and so
magnetic HFD of the Mossbauer spectrum of FeaCrAl should have only a
single peak corresponding to one unique Fe site [14]. The low field peak at
9.5 T can be attributed to Fe atoms in the perfectly ordered environment.
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Table 2.1. Bulk magnetic parameters of the bulk, MM, and MA samples

Sample M M, H. T H.y

(mT)  (K) (T)
Bulk 1.08 0.005 0.4 298 9.9
MM 1.95 0.036 1.4 300 11.8
MA 2.24 0.332 15.9 887 18.0

Saturation magnetization (Ms) and retentivity (M)
are in units of pp/formula unit. The average field
(Hav) is obtained from Méssbauer measurements

The presence of two additional peaks in the HFD can be attributed to
the Cr clustering. The clustering of Cr atoms would, in the basic L.2; lattice,
lead to an excess of Fe atoms being displaced from their actual positions.
Thus a fraction of Fe atoms would be in an FegzAl-like environment. This is
supported by the fact that the hyperfine fields reported for disordered FegAl
alloy is very close to the two high field peaks, viz. at 19.8 T and 28.6 T obtained
here [32]. The overall microscopic picture obtained from Méssbauer studies is
thus consistent with the conclusions drawn from XRD studies that Fe-Cr type
of disorder persists in the bulk sample. However, since the integrated intensity
of the peaks for the high field components are very small, the disorder in this
sample can be assumed to be very small and is consistent with the (220)
superlattice peak in XRD.

There is a slight increase in the average magnetic hyperfine field for the
MM sample, compared with the bulk. It increases from 9.9 T for the bulk sam-
ple to 11.8 T for the milled sample (Table 2.1). On milling, the alloy becomes
more disordered as indicated by the disappearance of the superlattice peaks
in XRD and the increase in width of the peaks in the Mdssbauer spectrum.
Milling leads to a greater density of defects and vacancies in the sample, so
that effects due to Cr screening and dilution effect due to Al nearest neighbors
on Fe is decreased, resulting in a higher average magnetic field for the MM
sample. According to the Bethe-Slater curve, an increase in the nearest neigh-
bor distance, in the case of Fe, would lead to an increased magnetic hyperfine
field [33,34].

Mbossbauer spectrum of the MM sample (Fig.2.4) shows that the param-
agnetic peak in the MM sample has a much lower intensity, which is reflected
in the HFD also, despite the fact that Curie temperatures of both, the bulk
and MM samples, are nearly the same. The main difference between the bulk
and MM samples as observed from HFD is that the most dominant peak for
the MM sample is at 9.8 T while it is the zero field peak for the bulk sample.
The two high field peaks present in the bulk sample are also present in the
MM sample. However, since the most intense peak in the HFD is at ~9.8 T,
which corresponds to the expected value for well-ordered FeoCrAl, it appears
that the disordering produced due to milling leads to a more even distribu-
tion of Cr atoms, resulting in the disappearance of Cr clusters present in the
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Fig. 2.5. The Mossbauer spectrum and hyperfine field distribution (HFD) of the
sample MA for 15h (MA). Mossbauer spectrum and hyperfine field distribution
(HFD) of the bulk sample is also given for comparison

bulk sample. The decrease in intensity of the paramagnetic component also
supports this conclusion that the Cr atoms are redistributed. Thus, hyperfine
studies on bulk and milled Fe;CrAl systems leads to the conclusion that the
Fe-Cr type disorder, leading to Cr clustering is decreased on milling, although
random disorder increases.

Room temperature Mossbauer spectra and the hyperfine field distributions
of the MA sample is given in Fig. 2.5. The spectrum consists of a paramagnetic
singlet and a more pronounced sextet. The isomer shift of the singlet is again
close to zero, as in the case of the bulk sample. The Mossbauer spectrum and
HFED of the bulk sample is also shown in Fig. 2.5 for comparison.

Consistent with the highly disordered nature of the sample, the Mdssbauer
spectrum of the MA sample is broad indicative of the distributed nature of
the hyperfine fields. The MA sample has a higher ferromagnetic component,
as is evident from the more prominent shoulders corresponding to the sextet.

The magnetic hyperfine field distributions of the MA sample does not show
any evidence for unalloyed Fe, and is also considerably different from that of
the bulk and MM samples. From the HFD, it is seen that the zero field peak
corresponding to the paramagnetic part of the spectrum of the MA sample
has a lower probability when compared with that of the bulk, pointing to a
more random distribution of the Fe, Cr, and Al atoms. Also, the low field
peak around 10.0 T, which was present in both the bulk and milled samples is
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absent in the MA sample. The absence of this peak in the MA samples cannot
be attributed to nanocrystallization, since in the nanosized MM sample, this
peak is the most prominent. Thus, the disappearance of this peak is entirely
due to the higher random disorder present in the MA systems.

Méssbauer studies therefore show that the Fe environment in the nanosized
MA sample is different from that of the bulk. The MA sample has two HFD
components at 23.3T and 15.5T. The integrated intensities of the high field
peak of the MA samples around 24T is much higher than the integrated
intensity of the 28.6 T component of the bulk sample. Thus, the probability
of Fe atoms in the MA samples having less than four nearest neighbor Al or
Cr atoms is much higher than that for the bulk sample.

2.3.3 DC Magnetization Studies

Hysteresis loops of bulk FeoCrAl, MM, and MA samples obtained at 2838 K
are shown in Fig.2.6. The bulk sample is weakly ferromagnetic, with low
values of coercivity and retentivity (Table 2.1). On milling the bulk sample
for 30 min, it is seen that both the coercivity and the retentivity increases. On
the whole, milling leads to an improvement of the ferromagnetic properties,
although the Curie temperature does not change appreciably for this sample.
The changes in the magnetic properties of the MM sample, compared with
the bulk, can be attributed to the nanosized nature of the MM sample and the
consequent changes in the microstructure. Because of nanocrystallization, the
fraction of atoms on the grain boundaries and interfaces increase. As seen from
Moéssbauer studies, there is an increase in the disorder along with a reduction
of Cr clusters, leading to a reduction of the nonmagnetic contribution.
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Fig. 2.6. Hysteresis loops of Bulk, MM, ASM, and ANM samples shown together
to indicate the change in saturation magnetization
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The hysteresis loop of the MM sample is typical of nanostructured mate-
rials with small magnetic domains [36]. The hysteresis loss in both, bulk and
MM, samples is very small, indicating soft magnetic properties. The Curie
temperature of the MM sample is slightly greater than that of the bulk,
although the increase is not appreciable (Table 2.1). However, there is a consid-
erable increase in the saturation magnetization of the MM sample, compared
with that of the bulk, consistent with results obtained from Md&ssbauer studies.

The saturation moment per formula unit of the bulk is 1.08u;, while
that of the MM sample is 1.95u . The increase in saturation magnetization
indicates an increase in disorder because of the milling process. During milling,
the crystallite size decreases and a high density of defects are produced. XRD
and Mossbauer studies also indicate a higher degree of disorder in the milled
system. Such defects cause an expansion of the unit cell, leading to changes
in the geometry of the atomic arrangement and interatomic distances. These
changes in the lattice cause changes in the exchange interaction and hence
the spin alignment. In Fe-Al systems, it has been reported that the saturation
magnetization increases with lattice parameter [37]. This has been attributed
to the modification of the density of states at the Fermi level.

Theoretical calculations of the density of states based on the band theory
of ferromagnetism show that FeaCrAl falls on the Slater—Pauling curve [13]. It
is predicted that well-ordered FeoCrAl would be a half-metallic ferromagnet
and would have a total spin magnetic moment My = Z;24, where Z; is the total
number of valence electrons. Here it is assumed that the occupancy of the spin
down bands does not change and the extra or missing electrons are taken care
of by the spin up states only. In all full Heusler alloys, there are 12 occupied
spin down states. Then, the total moment, which is equal to the number
of uncompensated spins, is given by the total valence electrons minus two
times the number of minority electrons. The total number of valence electrons
in FeoCrAl is 25. Hence the total moment would be equal to 1u;/formula
unit [13]. Thus, well-ordered FeoCrAl is expected to have a saturation moment
of 1 g /formula unit and should exhibit half metallic properties.

However, half-metallicity has not been experimentally reported in FeaCrAl,
since the clustering of Cr leads to the formation of highly disordered alloys [14].
In the present study, in spite of the presence of antisite disorders in the bulk
sample, the saturation moment is very close to the theoretically predicted
value, pointing to the possibility of realizing half metallic behavior in bulk
FeoCrAl

A modification of the density of states at the Fermi level due nanocrys-
tallization and the subsequent expansion of the lattice would account for the
enhancement of the total magnetic moment of the MM sample to 1.95u;/
formula unit from the 1.08 u;/formula unit for the bulk sample. The satu-
ration moment of the milled sample is also very close to an integer number
(=2 W /formula unit) but does not conform to the My = Z24 rule for Fe,CrAl
To follow the SP behavior, theoretical calculations show that the local moment
of Fe in ordered Fe,CrAl is almost zero, while Cr has a moment of ~1 ;. The
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higher magnetic moment in the MM sample also implies that Fe has a higher
local moment in this sample when compared with the bulk. Two simultane-
ous effects in the MM sample are responsible for the overall enhancement of
magnetic moment in this sample. One is that the local moment of Fe atoms
increases as the size decreases. The second is that the Cr clusters are reduced —
as seen from Mossbauer studies, thus reducing the number of isolated Fe atoms
— again contributing to an increase in the effective saturation magnetization.

The M-H loop of the MA sample is significantly different from that of
the bulk and MM samples in that it exhibits enhanced bulk magnetic prop-
erties. The coercivity and the retentivity of the MA sample is much higher
(Table 2.1). Although the saturation magnetization of the MA sample is very
close to that of Fe, Mossbauer studies have completely ruled out the presence
of unalloyed Fe in this sample. Thus, it appears that the size of the crystallites
play an important role in determining the saturation moment, since the size
of this sample is half that of the MM sample, while the lattice parameter is
smaller. Expectedly, the degree of disorder in this system is also higher than
that in the MM sample. Thus, the increase in the saturation moment in the
MA sample compared with the MM sample, which is also nano sized, can be
attributed to a higher disorder in addition to size effects.

Another major difference between the MA sample compared with bulk and
MM samples is the dramatic enhancement in the Curie temperature (T¢) of
the MA sample. Both the bulk and MM samples have Curie temperatures very
close to room temperature, while the T of the MA sample is 887K (Fig. 2.7).
Since the MM sample, which has a Curie temperature comparable to that
of the bulk, is also nanostructured, this enhancement in Curie temperature
cannot be attributed to the nanocrystalline nature of the samples alone.
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Fig. 2.7. M-T curve of nanosized FeasCrAl powders prepared by mechanical alloying
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A comparison of the magnetic properties of MM, MA and bulk sam-
ples show that the magnetic parameters of the MA sample are the highest.
Mossbauer studies show that the MA sample has a dominant high field com-
ponent (~24T), which indicates an 5"Fe environment with fewer Cr and Al
ions. Presumably the ferromagnetic coupling between the Fe atoms of this
phase is strong and is probably enhanced due to the small grain sizes. Since
the exchange stiffness is directly proportional to the Curie temperature, the
dramatic increase in T¢ in the MA samples indicate that the spins in these
systems are more strongly aligned compared with the bulk and MM samples.

In conclusion, it is seen that the magnetic properties of nanostructured
FeyCrAl alloys are dependent on both the size of the crystallites and on the
degree of ordering in the samples. The most dramatic change is observed
between the bulk and MM samples, since the enhancement in M is nearly 80%
in the MM sample compared with that of the bulk, while the Curie tempera-
ture of both samples are nearly the same and very close to room temperature.
In comparison, the saturation magnetization of the MA samples is only about
15% larger than the MM samples. However, the much higher T¢ for these sam-
ples makes them better for possible use as soft ferromagnets. Also, the nearly
integral values of the saturation magnetization (in units of Bohr magneton) of
the samples indicate the possibility of making Fe,CrAl alloys exhibiting half
metallic properties. Although mechanical milling/alloying expectedly induces
more random disorders, it is also accompanied by a reduction in Cr clustering,
leading to superior magnetic properties in the nanosized alloys.
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