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New insights into defects and magnetic
interactions inducing lattice disordering in

Ravi Kumar Yadav,? R. Govindaraj, © *2° K. Vinod,® T. Sreepriya®® and R. Mythili®®

Atomic scale understanding of defect induced magnetic interactions resulting in lattice disordering has

been deduced in a detailed manner for the first time in CoyFeqsCrgsAl based on Mdssbauer

spectroscopic studies and compared with the results obtained in Co,FeqgCro oAl and Co,FeAl. An

interesting linear correlation between valence electron concentration and the mean hyperfine fields at

Fe sites in Co,FeAl based compounds has been deduced which is observed to exhibit different slopes

with the substitution of Cr. This study elucidates an important role of the manifestation of the magnetic

interactions especially between Fe, Co and Cr atoms leading to significant changes in the concentration

and specific types of defects selectively produced in Co,FeqsCrgsAl as compared with that of

CoyFeq gCrg oAl subjected to similar non-equilibrium treatments in this study. Further, for the first time

this study elucidates the striking correlation of the effective value of the hyperfine field with the degree
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of ordering/disordering of the lattice with the Fe atoms associated with ordered sites experiencing

a much higher value of the hyperfine field as compared to that of the disordered sites. This study also
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1. Introduction

Half metallic ferromagnets are being extensively investigated
for spintronics studies for various device applications including
magnetic tunnel junctions.'* Cobalt based Heusler compounds
are quite important having a high magnetic moment and Curie
temperature up to 1300 K. It is important that any material of
interest for spintronic applications exhibits a high value of spin
polarization which is defined as [N(1) — N(|)J/[N(1) + N({)],
where N(1) and N(|) denote the number of electrons at the
Fermi level in the spin up and spin down band respectively.®*®
These quantities are weighted by powers of Fermi velocity Vg;
and Vg to account for the mechanism involved in measuring
polarization based on the technique employed such as photo-
emission,’ point contact magnetoresistance,” tunnelling
magneto resistance''* and Andreev reflection.’>'® Apart from
lattice disordering/ordering which dictates mainly the spin
polarization of the Heusler compound concerned, properties
such as oxidation free surface, well reduced roughness of the
interface critically affect the values of spin polarization and
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proposes optimal annealing treatment for the recovery of defects in Co,FeqsCrgsAl, which would be of
significant importance in these spintronic materials.

tunnelling magneto resistance respectively. The lattice order/
disorder hence plays a dominant role intrinsically dictating
the spin polarization properties of the spintronic material of
interest.”"”** In the case of Co,FeAl, against the theoretical
prediction of half metallicity, only the maximum value of 60%
of spin polarization has been reported in a thin film of Co,-
FeAl.”* Hence from the bulk structural point of view the effect of
lattice disorder is the most important factor which dictates the
spintronic properties.

It has been reported theoretically based on band structure
computation that in Co,CrAl and in Co,Fe;_xCriAl for low
value of x having L2, ordering and B, type of disordering exhibit
half metallic type of band structure.”>* It has been demon-
strated experimentally that the compound Co,Fe;¢Crg Al
exhibits high value of tunnelling magneto resistance close to
19% at 300 K.> Though the value of spin polarization is high, as
compared to the expected theoretical value of 100% it is quite
low. This means that the lattice disordering might be playing
a dominant role in these compounds composed of both Fe and
Cr occupying Y sites. It is also important to understand as to
how the magnetic interactions between Fe-Cr affect the lattice
ordering/disordering. This study would focus on the aspects of
defects and disordering in Co,Fe, sCr, sAl in terms of the local
structure and magnetic properties deduced at Fe sites. Ordered
and possible disordered configurations of the system Co,Fe, 5-
Cro sAl are shown schematically in Fig. 1. In the presence of the
disordering of the lattice half metallicity is likely to get lost

© 2023 The Author(s). Published by the Royal Society of Chemistry
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A2 Structure of Co,Fe, ;Cr, Al

Fig. 1 Schematic shows L2, ordered Co,Feq sCrg sAl occupying Wyckoff positions 8c (1/4, 1/4,1/4) by Co, 4b (1/2,1/2,1/2) by Fe/Cr with equal
probability and 4a (0,0,0) by Al atoms. Also shown are the disordered structures in the full Heusler compound Co,Feq sCrq sAl such as B,, DOz and
Az having (Fe,Cr)/Al, Co/(Fe,Cr) and Co/(Fe,Cr)/Al antisite disordering respectively as illustrated in the schematic.

leading to a drastic reduction in spin polarization. Because of
the fact that the atomic number of Co, Cr and Fe are very close
by it would be very difficult to deduce the degree of ordering or
disordering of the lattice based on the results of X-ray diffrac-
tion based techniques. Dark field image analysis based on TEM
studies carried out in Co,Cr, ¢Fe, 4Al has shown the presence of
A, phase enriched with Cr and depleted with Co atoms.*” Based
on the three dimensional atom probe microanalysis it was
shown that even Fe and Al atoms were rejected from A, phase.””
Hence L2, and A, phases shift to Co rich and Cr rich sides as
predicted based on thermo dynamical computation. X-ray
based scattering/absorption techniques would not lead to
unambiguous understanding of the ordering/disordering of the
lattice which mainly critically affects the spin polarization and
hence spintronic properties. On the other hand experimental
techniques which could simultaneously result in a good
understanding of local structure and magnetic fields at specific
sites in the matrix concerned might be powerful to study the
lattice ordering and disordering which in turn mainly dictate
the spin polarization properties.

The present work is motivated at studying mainly the lattice
ordering/disordering induced due to quenching treatment in
the compound Co,Fe, 5Cr, 5Al in order to mainly elucidate as to
how the lattice defects get modified or manifested due to
enhanced magnetic interactions between Fe and Cr atoms. This
means that the present study is intended to understand the
effect of defects which is likely to get modified appreciably in
the presence of Fe-Cr interactions on the B, type of disordering.
Results as obtained in this study will also be compared with that
of Co,FeAl doped with Cr of lower concentration Hence in this
study the lattice disordering induced due to quenching has

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Rietveld refined XRD patterns as obtained in Co,FeAl, Co,-
Feo sCro2Al and Co,Feq sCrg sAl using Co-K,, X-ray source.
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Table 1 Results of the Rietveld refinement of XRD patterns

Lattice parameter

Sample A4) Rup (%) x*
Co,FeAl 5.72 (5) 7.13 1.59
Co,Feq 5Crg ,Al 5.72 (1) 7.81 1.62
Co,Fey sCro sAl 5.72 (3) 6.57 1.46
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Fig. 3 Variation of magnetization with the applied magnetic field in
the case of Co,FeAl and CoyFeq 5Crg sAl. Line is drawn for each of the
above systems at the value of the magnetization deduced based on the
Slater—Pauling (SP) rule.

been investigated in a detailed manner based on isochronal
annealing studies in the quenched Co,Fe, sCr, sAl by means of
deducing local structure and magnetic properties at Fe sites
using *’Fe based Mossbauer spectroscopy.

2. Experimental details

Co,Fe, 5Cry sAl samples were prepared by the arc melting of Co,
Fe, Cr and Al from Alfa Aesar with the purity of each of the
constituent to be close to 99.99% taken in a stoichiometric ratio
in ultra-high pure Ar atmosphere. In the process of arc melting
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Fig. 4 Mossbauer spectra as obtained in CosFeq gCrg Al CosFeqg s-
Cr0v5Al, COZFeAl, COzFeAlo_gs and COzFeAlovssio_&

care is taken to re melt the sample a several times after flipping
to ensure a good homogenization of the melted alloy. In order to
deduce the role of Cr, another alloy of stoichiometry Co,Fe, g-
Cr,,Al has also been prepared similarly by arc melting.

Bulk structural characterization of the as melted sample has
been carried out based on X-ray diffraction studies using Inel
Equinox 2000 diffractometer with Co-K,, source. Full Prof Suite*®
has been utilised for Rietveld analysis of powder X-ray diffrac-
tion patterns. Bulk magnetization studies have been carried out
using Cryogenic Ltd make Vibrating sample magnetometer
(VSM). Mdossbauer studies were carried out with the spectrom-
eter operated in transmission geometry and in constant accel-
eration mode using *>’Co source of activity of 50 mCi dispersed
in Rh matrix. Mossbauer spectra were fitted with a Lorentzian
line shape to obtain the hyperfine parameters as experienced by
different relative fractions of Fe atoms such as isomer shift (9)
and quadrupole splitting (4) and the hyperfine fields (Bpg).
Values of the isomer shifts are reported with respect to that of a-
Fe foil. The line width of the spectrum corresponding to alpha-
Fe foil is deduced as 0.24 mm s .

As the main focus of this work is to study the defects induced
disordering, Co,Fe, 5sCr, sAl are subjected to selective quench-
ing treatments at temperatures of interest at a partial pressure

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Hyperfine parameters as deduced at Fe sites in pristine and suitably substituted Co,FeAl

Sample treatment 0] 6 (mms™1) 4; (mm s™) B (T) fi
As arc melted Co,FeAl 1 0.02 + 0.01 0.06 + 0.03 31.61 £ 0.05 0.32
2 0.03 £ 0.01 0.02 £ 0.01 30.06 £+ 0.05 0.34
3 0.03 + 0.01 0.04 + 0.01 29.44 £ 0.04 0.31
4 0.26 + 0.01 0.69 + 0.05 0 0.03
As arc melted Co,FeAl, o5 1 0.02 + 0.01 0.04 + 0.01 32.15 =+ 0.04 0.13
2 0.03 &+ 0.01 0.04 + 0.01 31.11 £+ 0.02 0.43
3 0.04 £+ 0.02 0.03 + 0.01 29.89 £ 0.03 0.33
4 0.25 + 0.01 0.42 + 0.03 0 0.03
5 0.07 + 0.01 0.10 & 0.03 25.05 £ 0.06 0.08
Co,FeAl subjected to quenching from 1 0.01 + 0.01 0.09 + 0.005 32.07 + 0.03 0.13
1273 K to 77 K 2 0.03 &+ 0.002 0.01 + 0.002 30.83 £ 0.05 0.43
3 0.03 &+ 0.07 0.01 £ 0.002 29.53 £+ 0.04 0.34
4 0.22 + 0.01 0.62 + 0.03 0 0.03
5 0.2 £ 0.03 0.14 £+ 0.02 22.5 = 0.06 0.07
Quenched Co,FeAl annealed at 773 K/4 h 1 0.03 £+ 0.01 0.02 + 0.01 31.66 £+ 0.06 0.34
2 0.03 = 0.01 —0.03 £ 0.01 30.53 £+ 0.05 0.47
3 0.03 + 0.01 0.04 £+ 0.02 28.9 + 0.07 0.16
4 0.14 &+ 0.01 0.22 + 0.03 0 0.03
Co,FeAly 5Siy 5 1 0.08 £ 0.002 0.05 £ 0.01 32.48 £ 0.05 0.41
2 0.06 + 0.001 0.05 + 0.01 31.09 £ 0.02 0.52
3 0.28 £+ 0.03 0.15 £ 0.02 26.6 £ 0.05 0.04
4 0.32 + 0.04 0.17 = 0.01 0 0.03
Co,Fe sCry oAl 1 —0.06 £+ 0.01 —0.06 £+ 0.01 30.64 £+ 0.05 0.24
2 0.09 £+ 0.01 0.05 + 0.01 30.50 £+ 0.05 0.38
3 0.04 £ 0.03 0.09 £ 0.05 25.05 £+ 0.20 0.06
4 0.03 + 0.01 0.03 + 0.01 28.7 £ 0.10 0.21
5 0.13 £ 0.05 —0.47 £+ 0.08 17.5 £ 0.31 0.08
6 0.39 + 0.06 0.18 + 0.04 0 0.03
Co,Fe, gCro»Al-1073 K-2 h-Q 1 0.16 + 0.02 0.02 + 0.01 28.24 + 0.16 0.13
2 —0.02 £+ 0.01 —0.14 £+ 0.02 30.90 £ 0.06 0.27
3 0.06 £ 0.01 0.13 £ 0.02 30.75 £+ 0.06 0.31
4 0.22 £+ 0.02 0.30 = 0.04 0 0.05
5 —0.03 £+ 0.02 —0.08 £+ 0.03 28.13 £ 0.14 0.14
6 0.41 4+ 0.09 0.38 +0.14 26.04 £ 0.68 0.05
7 0.35 £ 0.04 0.16 £ 0.07 19.5 + 0.30 0.05
Co,Fe, 5Cro 5Al 1 —0.07 £ 0.01 —0.03 %+ 0.02 30.35 £ 0.11 0.27
2 0.11 £ 0.02 0.05 £ 0.02 26.83 £ 0.15 0.16
3 0.38 = 0.04 0.28 = 0.08 21.09 £ 0.28 0.12
4 0.24 £ 0.02 0.34 £ 0.03 0 0.09
5 0.06 + 0.01 0.05 &+ 0.02 28.70 £ 0.11 0.30
6 0.12 4+ 0.04 0.18 £ 0.08 7.45 £ 0.25 0.06

of 10~°® mbar. Towards studying the possible recovery of defects
these samples are subjected to selective annealing treatments
as will be discussed with respect to each case of study. Moss-
bauer studies have been carried out at room temperature. The
results obtained in Co,Fe, sCry Al are compared with that of
Co,Fe, gCr ,Al subjected to quenching.

3. Results and discussion

Rietveld refined X-ray diffraction (XRD) patterns as obtained
using Co-K, source in Co,Fe,gCry,Al and Co,Fe, sCry5Al (cf
Fig. 2) are compared with that of Co,FeAl. Almost all the
patterns are looking similar and showing the peaks in terms of
(hkl) positions as (200), (220), (400) and (422). The (kl) indices
of the XRD patterns have been extracted using crystallographic
information files of ICSD database code 57607. The chemical
composition (in at%) of Co, Fe and Al in Co,FeAl was 50.2 +

© 2023 The Author(s). Published by the Royal Society of Chemistry

0.4%, 24.3 £ 0.9% and 25.4 & 1.2% respectively consistent with
the stoichiometry. In the case of Co,Fe, 3Cr(,Al the composi-
tion of Co,Fe,Cr and Al (in at%) were deduced as 49.7 + 0.6%,
20.2 £ 0.8%, 5.0 £ 1.2% and 25.1 + 1.6% respectively pointing
to the correctness of the stoichiometry. Similarly commensurate
with the stoichiometry of Co,Fe, sCr,sAl, the composition of
Co,Fe,Cr and Al (in at%) were deduced as 50.6 £+ 0.7%, 12.5 +
0.8, 12.1 £+ 1.1 and 24.8 + 1.4%. Absence of the peak corre-
sponding to the (kkl) values at (111) in XRD patterns implies the
absence of L2, ordering in all these systems. While the presence
of peak at (200) implies the occurrence of B, type of disordering
in these systems though the intensity of (200) is quite less as
compared to that of the most intense peak. Initial crystallo-
graphic parameters have been obtained from ICSD code file
57607 for the Rietveld analysis of XRD patterns. In case of L2,
structure (space group no. 225) which is the most ordered
structure for Heusler compound Co,Fe, sCrysAl, in which 4a

RSC Adv, 2023, 13, 19106-19118 | 19109
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annealing at 573 K 2 h (e) sample (d) annealed at 673 K 2 h (f) sample (e)
annealed at 723 K for 2 h.

and 8c sites are occupied by Al and Co atoms respectively with
occupancy factor (occ) of 100%, whereas the 4b sites are occu-
pied by Fe and Cr atoms with the occupancy factor of 50% for
each. Since in all the experimental powder XRD patterns of all
samples (200) peak is present and (100) peak is absent (cf:
Fig. 2), therefore the Rietveld analysis has been performed
considering the significant presence of B, type of disorder in all
the patterns. In case of B, disorder, atoms occupying 4a & 4b
sites have equal probability to occupy these sites 4a & 4b sites as
shown in Fig. 1. By means of taking care of the overall stoichi-
ometry of the compounds with the properly chosen site occu-
pancy factors the absence of (111) peak in the XRD patterns is
deduced. Results of Rietveld refinement in terms of the deduced
lattice parameters, weighted-profile R factor* Ry, and x> have
been listed in Table 1. Similar results of Rietveld analysis have
been reported in some of the different Heusler systems.>*
Absence of L2; ordering accompanied by a decrease in (200)
peak could also be caused by the presence of A, type of dis-
ordering similar to the results as have been elucidated in the
case of Co,FeAl based on the results of Mdssbauer spectroscopy.

Result corresponding to the bulk magnetization in Co,-
Fe, 5Cr 5Al is compared with that of Co,FeAl as shown in Fig. 3.
The value of the saturation magnetization is deduced as 3.85 ug
FU! in the case of Co,Fe,sCr,sAl using vibration sample
magnetometer. The observed value is less than the expected

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Based on the results of quenching studies carried out in Co,-
Feo sCrosAl an interesting correlation between the magnitudes of the
ordered fractions is observed with respect to the value of the mean
hyperfine field. Different heat treatments (a—g) are referred to Table 3.

value of 4 uy FU " ((ie.) (18 +4 +3 +3) — 24 = 4 ug FU ") by
about 4.4% based on the Slater-Pauling rule. On the other hand
it is seen that in the case of Co,FeAl the observed value of
saturation magnetization is 5.25 ug FU™', which is 5% higher
than the value of 5 uz FU ™" as expected based on the Slater-
Pauling rule which is equal to (18 + 8 + 3) — 24 = 5 ug FU .
Analogous to the results as obtained in Co,FeAl it becomes
important to study the variation of magnetic moment in terms
of effective magnetic hyperfine fields as deduced using Moss-
bauer spectroscopy with respect to valence as deduced theo-
retically based on Slater-Pauling rule. As a first step the
variation of mean hyperfine fields corresponding to different
Co,YZ with the effective electron valence of each compound is
deduced. Shown are the Mossbauer spectra (¢f. Fig. 4) deduced
in the Cr doped compounds of interest such as Co,Fe, gCrg Al
and Co,Fe, sCr, Al along with those obtained in Co,FeAl, 5Si s,
Co,FeAl, Co,FeAl o5. These compounds are so chosen such that
B, type of disordering get affected by different means such as
substitution at Y/Z sites causing valence/size difference
affecting magnetic interactions between the atoms. Also it is
important to note that the spin polarization coefficient is re-
ported to be of the order of 80% and 60% in the case of Co,-
FeAl, 5Sio s and Co,FeAl respectively. The values of the hyperfine

© 2023 The Author(s). Published by the Royal Society of Chemistry
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parameters as deduced in these systems are shown in Table 2.
In these fitting, the line width of the different components is
kept fixed as 0.28 mm s~ '. The error in the relative fractions
remains well with in 0.01. Spectra are best fitted in all the cases
with the value of Chi square ranging 1.05 + 0.22.

The variation of the mean hyperfine fields deduced at Fe
sites in different Co based Heusler compounds as mentioned
above with respect to electron valence is shown in the Fig. 5. It is
important to see that the value of the hyperfine field is the
maximum in the compound Co,FeAl, 5Si, 5 which is reported to
exhibit a high value of spin polarization thereby establishing
the consistency of the Mossbauer results with the spintronic
properties of these materials. Interestingly the Mossbauer
results elucidate a close correlation between the lattice ordering
with the spin polarization. The value of the mean hyperfine field
is seen to be smaller in Co,FeAl. In the case of Al deficient
compound it is observed to decrease further indicating the
effect of Al vacancies on the magnetization which is deduced
based on the mean value of the hyperfine field at the Fe sites.*
The values of the mean hyperfine fields corresponding to Cr
doped Co,FeAl are seen to be decreasing with increasing Cr
composition as shown in the Fig. 5.

Results on the effect of quenching on the disordering as
obtained in Co,Fe, gCry,Al in the present study is compared
with that of Co,FeAl subjected to similar non-equilibrium
defects. The respective Mossbauer spectra are shown in Fig. 6.
In the case of Co,Fe, sCr ,Al, it can be seen (¢f. Table 2) that the
fractions of Fe atoms, close to 15%, are associated with typical
values close to 25 tesla and lesser along with non-magnetic
fractions experiencing 0 tesla. These fractions are interpreted
to be due to Fe atoms associated with A, type of disordering of
different varying degree. It is further seen that the defects
associated fractions in the case of the as melted Co,Fe, 5Cr 5Al
increases close to 30% (cf: Table 2). Based on the variation of the
values of the mean hyperfine field of different Co based Heusler
compounds as shown in Fig. 5, it can be inferred that there is
a change of slope in the Cr substituted compounds and in
particular the values of the mean hyperfine fields are seen to
decrease in the case of the compound with equal substitution of
Cr at Fe sites which may be indication of an enhanced lattice
disordering.

Importantly the Cr substitution is interpreted to have been
significantly affecting the magnetic properties of the matrix
containing Fe and Co atoms having appreciable values of
magnetic moments. In order to get a good understanding of the
lattice disorder with a clear delineation of the effects due to Cr
doping, in particular while subjected to non-equilibrium treat-
ments it is important to compare the results as obtained in the
pristine Co,FeAl in which defects are introduced in a similar
manner. In this study the effects of lattice disorder due to
quenching treatments have been studied in Cr doped Co,FeAl
and compared with that of the results of the pristine Co,FeAl
subjected to similar quenching studies which is discussed as
follows.

Mdgssbauer (MS) results as obtained in the Co,Fe, gCr Al
subjected to quenching and annealing treatments are
compared with that of Co,FeAl subjected to quenching in the

RSC Adv, 2023, 13, 19106-19118 | 19111
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Table 3 Hyperfine parameters as obtained in Co,Feq sCrg sAl subjected to different heat treatment conditions as explained involving quenching

and isochronal annealing carried out at different temperatures

Sample treatment (i) 6; (mm s™) 4; (mm s™) Bt (T) fi
As melted Co,Fe, 5Crq 5Al (a) 1 —0.07 £ 0.01 —0.03 & 0.02 30.35 + 0.11 0.27
2 0.11 4+ 0.02 0.05 £ 0.02 26.83 £ 0.15 0.16
3 0.38 = 0.04 0.28 £+ 0.08 21.09 £ 0.28 0.12
4 0.24 £+ 0.02 0.34 £+ 0.03 0 0.09
5 0.06 &+ 0.01 0.05 £ 0.02 28.70 £ 0.11 0.30
6 0.12 + 0.04 0.18 + 0.08 7.45 + 0.25 0.07
Co,Fe, 5Cry.5A1-1073 K-2 h-quenched (b) 1 —0.02 = 0.001 —0.08 £ 0.04 28.88 = 0.09 0.35
2 0.08 + 0.04 0.25 + 0.08 28.94 £ 0.21 0.13
3 0.04 £+ 0.02 0.08 &+ 0.03 26.13 £ 0.20 0.13
4 0.15 4+ 0.03 —0.11 £+ 0.07 13.12 £ 0.25 0.08
5 —0.04 £ 0.01 0 0 0.31
Co,Fe, 5Cry 5A1-1273 K-2 h-quenched (c) 1 0.05 & 0.02 0.10 & 0.04 30.812 £ 0.16 0.17
2 0.04 + 0.01 0.06 £ 0.02 28.84 £ 0.10 0.3
3 —0.05 = 0.01 0 0 0.37
4 0.27 + 0.05 0.49 £+ 0.09 22.81 £ 0.31 0.06
5 0.16 &+ 0.06 0.08 + 0.03 15.93 £ 0.36 0.06
6 0.40 & 0.06 0.59 £+ 0.10 0 0.04
Co,Feg sCro 5Al, quenching temp (Ty) Ty 1 0.02 =+ 0.01 0.05 =+ 0.01 30.3 + 0.12 0.25
= 1073 K; annealing temp (7,) T, = 573 K
2h(d)
2 0.03 &+ 0.01 0.06 £+ 0.02 28.5 = 0.56 0.32
3 0.07 £ 0.02 0.14 £ 0.01 26.1 £+ 0.82 0.2
4 —0.10 £+ 0.02 0.4 £ 0.1 0 0.13
5 —0.12 £ 0.01 0 0 0.10
Co,Feg 5Cro 5Al, quenching temp (T) Ty 1 0.03 4 0.01 —0.04 £+ 0.01 31.69 £+ 0.17 0.12
= 1073 K; annealing temp (T,) T, = 573
K/673 K/723 K (€)
2 —0.02 £ 0.065 —0.11 £+ 0.03 29.56 £ 0.05 0.3
3 0.05 + 0.01 0.21 £+ 0.06 29.51 £ 0.11 0.15
4 0.04 £ 0.011 —0.04 + 0.01 27.40 £ 0.08 0.17
5 0.19 + 0.04 0 0 0.04
6 —0.1 £ 0.02 0.16 + 0.03 0 0.15
7 0.5 £ 0.05 0.52 £+ 0.07 14.02 + 0.4 0.07
Co,Fey sCro 5Al, quenching temp (Ty,) T 1 0.04 + 0.02 0.09 + 0.03 31.05 + 0.34 0.15
= 1073 K; annealing temp (7,) T, = 573
K/ 673 K/723 K/773 K (f)
2 0.04 £+ 0.02 —0.02 £ 0.01 29.95 £ 0.23 0.27
3 —0.06 = 0.01 0 0 0.19
4 0.04 + 0.01 0.2 £ 0.07 26.54 £ 0.23 0.07
5 0.05 + 0.01 0.04 £ 0.02 26.57 £ 0.10 0.32
Co,Fe, 5Cry sAl-mag, 0.3 T magnetic field 1 0.04 + 0.01 0.05 + 0.03 30.87 £+ 0.10 0.24
2 0.04 £ 0.01 0.07 £ 0.01 29.24 £ 0.06 0.41
3 0.13 4+ 0.02 —0.01 £+ 0.03 26.97 £ 0.14 0.18
4 0.33 = 0.06 0.42 £+ 0.10 10.94 £ 0.40 0.08
5 0.36 &+ 0.02 0.45 + 0.04 0 0.09
CoyFeq 5Crg sAl-melted 673 K annealing 1 —0.04 £ 0.01 0.02 £ 0.01 30.8 £ 0.05 0.37
®
2 —0.03 £ 0.01 —0.02 £ 0.01 29.35 £ 0.06 0.41
3 —0.02 £+ 0.01 —0.08 £+ 0.04 27.36 £ 0.21 0.09
4 0.02 &+ 0.01 0.311 £ 0.04 0 0.05
5 0.31 + 0.03 —0.76 £+ 0.05 16.94 £ 0.25 0.08

Fig. 6. The values of the hyperfine parameters are shown in the
Table 2. It can be seen that in Co,FeAl subjected to quenching,
there is an increase in the value of non-magnetic fraction
accompanied by about 5% of the Fe atoms experiencing
hyperfine fields much lower than that of the defect free sites.
This implies that these are due to Fe atoms associated with A,
type of disordering as has been reported.*** Based on the
comparison of the MS results as obtained in the as melted and

19112 | RSC Adv, 2023, 13, 19106-19T18

quenched Co,Fe, sCry Al it could be deduced that there are no
appreciable changes in the hyperfine parameters associated
with Fe atoms subsequent to quenching treatment. This might
imply that the Co,FeAl substituted with 20% of Cr atoms
remains almost robust against an increase in the lattice dis-
ordering due to quenching effects. Having studied the effect of
Cr addition on the lattice disordering based on the studies
carried out so far, the following part of the manuscript is mainly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Modssbauer spectra as obtained in Co,FeqsCrgsAl at 300 K
subsequent to subjecting the samples to different treatments viz., heat
treatment at 1073 K for 2 h and furnace cooled (FC) to room
temperature followed by (A) annealing at 623 K for 6 h and quenched
(B) annealing at 673 K for 6 h and quenched (C) sample (B) with the
application of external magnetic field of 0.3 tesla. Heat treatment at
1073 K for 2 h and quenched to room temperature followed by (D)
annealing at 773 K for 2 h and furnace cooled (FC) and (E) annealing at
873 K for 2 h and furnace cooled (FC).

focussed towards understanding the formation and annealing
of defects in Co,Fe, 5Cry sAl subjected to quenching.
Mossbauer spectra as obtained in Co,Fe, 5Cry 5Al subjected
to different quenching & annealing treatments are shown in
Fig. 7. In the case of as melted Co,Fe, 5Cr, sAl close to 30% of Fe
atoms are observed to be experiencing values of hyperfine fields
much lesser than that corresponding to ordered sites experi-
encing values of hyperfine fields close to 28 tesla as can be seen
in the Table 2. The fraction of Fe atoms experiencing non-
magnetic interactions accompanied by lattice distortion as
revealed by the high value of quadrupole splitting is also seen to
have increased to 10% in the case of Co,Fe, sCr, sAl while this
fraction remained as 5% in the case of Co,Fe, ¢Cr, ,Al. Fe atoms
associated with defects associated sites experience lower values
of hyperfine fields with increasing degree of A, type of disorder
in the case of both 20% and 50% Cr doped Co,FeAl as can be
seen in the Table 2. In contrast to MS results as obtained in the
quenched Co,Fe,sCry,Al as discussed earlier, the defects
associated fractions are seen to increase to about 50% as
deduced based on the Mdssbauer studies carried out in Co,-
Fe, 5Cry 5Al following quenching from 1073 K. The decrease in
hyperfine fields in Cr substituted Co,FeAl is mainly understood

© 2023 The Author(s). Published by the Royal Society of Chemistry
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due to increase in the defects induced disordered sites leading
to reduction in the magnetic moments at Fe sites. There is an
antiferromagnetic coupling exists between Cr atoms occupying
antisites with the atoms of Co/Cr occupying regular ordered
sites. Importantly such a negative contribution to total
magnetic moment is understood to result in the reduced values
of the hyperfine fields at Fe sites (as shown in Fig. 8) associated
with such disordered sites.

As high as 30% of Fe atoms are exposed to cubic and non-
magnetic sites having zero values of quadrupole shift and
hyperfine fields in the case of quenched Co,Fe, 5Cr, sAl which is
absent in the case of Co,Fe, sCry,Al. One lot of the Co,Fe 5-
Cro sAl sample was quenched from 1073 K and was subjected to
isochronal annealing treatment at different temperature for
a time interval of 2 h and after each annealing step the Mdss-
bauer studies were carried out at 300 K.

Based on the comparison of the results as obtained in pris-
tine and Cr substituted Co,FeAl subjected to quenching it is
observed that the defects and hence the lattice disordering
effects are significant particularly in Co,Fe, 5Cr, sAl while such
effects are less in Co,FeAl. This brings out the importance of Cr-
Co and Fe-Co related type of antisite defects leading to appre-
ciable increase in A, type of disordering. Mossbauer studies
carried out at 300 K in the as quenched Co,Fe, 5Cry 5Al shows
that these types of defects associated fractions of Fe atoms is
increased up to 50%. From the Table 3 it can be seen that in the
quenched sample the fractions of Fe atoms associated with
cubic sites experiencing non-magnetic interactions has got
increased by 20% as compared to that of the melted Co,Fe s-
Cr, sAl. Non-magnetic fraction is seen to increase to 40% in the
case of another lot of Co,Fe, 5Crq Al sample quenched from
1273 K. The results of the isochronal annealing studies on the
sample quenched from 1073 K are discussed as follows.

Results of the Mdssbauer studies carried out following the
annealing of the quenched sample at 573 K show that the
fraction of non-magnetic sites characterizing A, type of defects
induced disordering decreased by 0.07 (¢f. Table 3). Commen-
surately the values of hyperfine fields associated with ordered
sites are seen to exhibit an increase. This implies that an
appreciable increase in the lattice ordering is seen right from
annealing at 573 K. Annealing at 673 K shows an appreciable
recovery of defects leading to an increase in the fractions
associated with ordered sites. Following annealing at 723 K the
defects associated fraction remains almost same as that of the
one corresponding to the as melted sample. Isochronal
annealing results are shown (Fig. 8) in terms of the variation of
(Bng) and the ordered fraction with the isochronal annealing
temperature. These results show that in the as quenched
sample the fractions of Fe atoms associated with disordered
sites increase commensurately resulting in a low value of the
mean hyperfine field (By¢). With increasing annealing temper-
ature the ordered fractions and the value of the effective
magnetic hyperfine fields are observed to increase and attain
maximum value following annealing in the interval 673 K.
Annealing beyond this temperature is observed to result in
a slight decrease in these values. Therefore based on the results
of the present study it could be deduced that the maximum

RSC Adv, 2023, 13, 19106-19118 | 19113
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Table 4 Results of Mdssbauer parameters as obtained in Co,Feq sCrg sAl subjected to two steps of heat treatments involving quenching (Q) and/

or furnace cooling (FC)

Sample treatment 0] 6; (mm s™) 4; (mms™) Byt (T) fi
Co,Fe(5Cry 5A1-1073 K2 h-FC-623 K 6 h-Q 1 0.02 £+ 0.02 0.01 + 0.03 30.11 £ 0.15 0.19
A) 2 0.03 £+ 0.01 —0.01 £ 0.02 28.54 £ 0.10 0.27
3 0.41 = 0.04 0.25 + 0.07 29.75 £ 0.24 0.09
4 —0.04 £ 0.01 0 0 0.34
5 0.49 £+ 0.03 0.30 + 0.07 5.77 £ 0.20 0.11
Co,Fe, 5Cro 5A1-1073 K 2 h-FC-673 K 6 h-Q 1 0.11 + 0.02 —0.11 + 0.04 28.27 + 0.40 0.24
(B) 2 0.01 £+ 0.02 —0.05 £ 0.03 29.91 £ 0.12 0.25
3 0.41 £+ 0.05 —0.37 £ 0.10 14.84 £ 0.37 0.1
4 —0.05 £ 0.01 0 — 0.3
5 0.40 £+ 0.05 0.77 £ 0.16 3.58 £ 0.49 0.11
Co,Fe, sCry sAl-1073 K 2 h-FC-673 K 6 h- 1 0.06 =+ 0.01 ~0.04 + 0.02 30.13 + 0.08 0.3
Q-mag (C) 2 0.03 £+ 0.02 0.06 + 0.03 28.24 £+ 0.11 0.22
3 0.22 £+ 0.06 0.32 £ 0.12 23.70 £ 0.35 0.06
4 0.30 + 0.01 0 0 0.3
5 0.21 + 0.04 0.66 £ 0.10 2.17 £ 0.32 0.12
Co,Fe, 5sCro 5A1-1073 K 2 h-Q-773 K 2 h-FC 1 0.03 + 0.01 0.01 + 0.02 30.9 + 0.09 0.2
(D) 2 0.04 + 0.01 0.04 + 0.01 29.13 £ 0.04 0.44
3 0.39 £ 0.06 —0.05 £+ 0.02 25.4 + 0.42 0.05
4 —0.04 £ 0.01 0 0 0.18
5 0.38 + 0.02 —0.72 £ 0.05 15.35 £ 0.18 0.1
6 0.41 + 0.18 0.24 + 0.01 22.6 £ 1.20 0.03
Co,Feq 5Cro 5Al-1073 K 2 h-Q-773 K 2 h- 1 0.02 + 0.01 0.05 + 0.03 30.9 + 0.12 0.17
FC-873 K 2 h-FC (E) 2 0.02 £+ 0.01 0.036 £ 0.02 29.35 £ 0.08 0.35
3 0.06 + 0.01 0.059 £ 0.02 27.84 £ 0.10 0.23
4 —0.09 £ 0.001 0 0 0.16
5 0.45 + 0.04 —0.67 £ 0.06 13.75 £ 0.27 0.09

recovery of A, type of defects occurs following annealing treat-
ments at 673 K in Co,Fe, 5Cry 5Al subjected to quenching at
1073 K. Thus the effect of the recovery of defects has been
addressed in Co,Fe, 5Cry 5Al quenched from elevated tempera-
ture of 1073 K followed by isochronal annealing studies. To
understand the effect of quenching rate on the subsequent
recovery of defects in the following the role of defects ordering/
disordering will be discussed in the system subsequent to
furnace cooling after annealing of the sample Co,Fe, 5Cr 5Al at
1073 K for 2 h.

Mossbauer studies (MS) are carried out in the sample
furnace cooled from 1073 K. Mossbauer spectra as obtained at
room temperature in the furnace cooled samples subsequent to
different annealing treatments are given in the Fig. 9 and the
deduced hyperfine parameters are listed in the Table 4. These
results show that the values of the hyperfine fields associated
with ordered Fe sites are seen to be smaller as compared to that
of the sample quenched from 1073 K. It is observed that the
values of hyperfine fields corresponding to disordered sites
which are rich in A, type of disordered zones are smaller. In
addition the fraction of Fe atoms associated with zero hyperfine
fields which are understood to be due to Cr rich caused due to
appreciably high A, type of disordering. This is understood due
to Fe atoms associated with enriched Cr — Co antisites. The
mean hyperfine field corresponding to sample subjected to
annealing at 1073 K for 2 h followed by furnace cooling is
observed to be much smaller as compared to sample annealed
at 1073 K for 2 h and quenched. In the case of the sample
annealed at 1073 K for 2 h and furnace cooled (FC) while

19114 | RSC Adv, 2023, 13, 19106-19118

annealed at 673 K for a duration of 6 h there is a decrease in the
mean hyperfine in contrast to that observed in the case of the
sample annealed at 1073 K for 2 h and quenched followed by
annealing at 673 K. Comparison of MS results imply that the
defects structures in both the cases of sample quenched/
furnace cooled from 1073 K are basically same with A, type of
the fractions of Fe atoms associated with disordered zones in
the case of FC samples are much higher. There is no appreciable
decrease in the defects associated fractions following annealing
studies on the FC sample. Based on these results it is inter-
preted that the in the FC sample the disordered zones formed
might be of much larger size as compared to that of the sample
quenched from 1073 K. Hence in spite of annealing of the
furnace cooled sample at 673 K no appreciable recovery of
defects has been observed. Therefore, annealing at low
temperatures close to 673 K in the case of Co,FeAl quenched
from 1073 K lead to a significant recovery of A, type of defects
becoming almost close to that of the as melted sample. On the
other hand 1073 K quenched sample even if subjected to
annealing at temperatures 773 K and 873 K and furnace cooled
there is an appreciable recovery of defects similar as that of 1073
K quenched sample subjected to annealing at 673 K and
quenched. Hence this study implies that A, type of disordering
could be reduced in the sample due to annealing treatments in
the quenched sample where as in FC cooled sample such
arecovery of defects could not be achieved as understood due to
the formation of coarse A, type of disordered zones in the later
which remain quite stable against recovery due to annealing
treatments. As we have see that there is no recovery of defects in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Variation of the magnitude of the ordered fractions is
observed to be correlated with the value of the mean hyperfine field in
the case of CoyFepsCrgsAl subjected to two steps of annealing
involved quenching (Q) and/or furnace cooling (FC). Here (A) 1073 K 2
h-FC-623 K 6 h-Q (B) 1073 K-2 h-FC-673 K 6 h-Q (C) 1073 K 2 h-FC-
673 K-6 h-Q-mag (D) 1073 K 2 h-Q-773 K 2 h-FC and (E) 1073 K 2 h-
Q-773 K2 h-FC-873 K 2 h-FC.

1073 K FC and 673 K quenched sample as seen in the quenched
sample interpreted to be due to the formation of A, type of
disordered zones which are much larger in the matrix these
samples are subjected to mechanical milling for 3 h to see if
there are any changes in the hyperfine parameters as experi-
enced by Fe atoms leading to enhanced ordering. An enhanced
ordered fractions and hence the mean hyperfine field has been
observed in the 1073 K FC + 673 K 6 h quenched sample
following mechanical milling. It is observed that subsequent to
a moderate milling there is a reduction in the fraction of Fe
atoms associated with Cr rich zones leading to the presence of
Fe sites experiencing magnetic hyperfine fields which are larger
in values as compared to that of the quenched sample. This
result could be explored to further reduce Cr rich zones by
means of repeated cold working/milling followed by annealing
at 673 K. Results of these studies on quenched sample subjected
to annealing at 1073 K and either quenched or furnace cooled to
300 K in terms of the variation of the mean value of the
hyperfine field (Bys) and ordered fractions with concerned
treatment are shown in Fig. 10. This study implies that these Cr

© 2023 The Author(s). Published by the Royal Society of Chemistry
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rich zones might be occurring at grain boundaries as evidenced
by the decrease in the disordered fractions followed by milling.
Occurrence of Cr rich zones in Heusler compounds was
confirmed based on TEM results.?”*

It is already observed that about 0.6 fraction of Fe atoms are
seen to be associated with ordered sites, while the remaining 0.4
fractions of Fe atoms are occupying disordered sites mainly of
A, type in Co,Fe, 5Cr, sAl melted sample. Based on the results as
obtained in the present study the as melted sample is subjected
to annealing at 673 K for 2 h to look for the recovery of defects.
Mossbauer spectra obtained in as melted Co,Fe, sCr,5Al and
subsequent to annealing at 673 K for 2 h are shown in Fig. 11
and the results of hyperfine parameters are shown in the Table
5. It is striking to see that the fractions associated with disor-
dered sites decrease from 0.4 to close to 0.2, which is a signifi-
cant result of the present study. It is understood that in the as
melted sample small zones of A, disordered sites get formed.
These get dissociated appreciably following the annealing at
673 K leading to a significant increase in the fraction of Fe
atoms associated with ordered sites. Interesting results of this
study in terms of enhanced lattice ordering leading to appre-
ciable increase in the magnetic ordering deduced based on the
values of the mean hyperfine magnetic fields are comprehended
as follows.
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Fig. 11 Mossbauer spectra corresponding to Co,FeqsCrpsAl sub-
jected to (A) 1073 K2 h-FC and 673 K6 h quenched under B¢t = 0.3 T,
(B) sample (A) after milling for 3 h under Bq,y = 0.3 T, (C) as melted
CosFeq 5CrosAL (D) melted sample after annealing at 673 K under Bey:
=03T
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Table 5 Hyperfine parameters as obtained in CosFeqsCrgsAl subjected to different treatments involving furnace cooling (FC)/mechanically
milling, based on the Mossbauer studies carried out at 300 K and under the application of magnetic field

Sample treatment (i) 6 (mms™) 4; (mm s™) Bt (T) fi
Co,Fe, sCry sAl-1073 K 2 h-FC-673 K 6 h- 1 0.18 =+ 0.01 ~0.04 =+ 0.02 30.13 + 0.08 0.3
Q-mag (A) 2 0.03 £ 0.02 0.06 + 0.03 28.24 £+ 0.10 0.22
3 0.22 £+ 0.06 0.32 £ 0.11 23.7 £ 0.35 0.06
4 0.30 &+ 0.01 0 0 0.3
5 0.21 + 0.04 0.66 + 0.10 2.17 £ 0.33 0.12
Co,Fey 5Cro 5A1-1073 K 2 h-FC-673 K 6 h- 1 0.24 + 0.03 0.17 + 0.05 31.40 £ 0.19 0.12
Q-3 h-milled-mag (B) 2 0.03 £ 0.01 0.04 £ 0.03 29.36 £ 0.10 0.25
3 —0.02 £+ 0.02 0.12 + 0.05 27.73 £ 0.24 0.12
4 —0.01 £+ 0.04 —0.19 £+ 0.09 24.71 £+ 0.29 0.07
5 0.38 = 0.07 —0.22 £ 0.13 17.15 + 0.46 0.07
6 —0.05 + 0.04 0 0 0.37
As melted-Co,Feq sCro 5Al (C) 1 ~0.07 £ 0.01 ~0.03 £ 0.02 30.35 + 0.11 0.27
2 0.11 £+ 0.02 0.05 £ 0.02 26.83 £ 0.15 0.16
3 0.38 + 0.04 0.28 + 0.08 21.09 £+ 0.28 0.12
4 0.24 £ 0.02 0.34 £ 0.03 0 0.09
5 0.06 £+ 0.01 0.05 4+ 0.02 28.70 £ 0.11 0.3
6 0.12 £+ 0.04 0.18 + 0.08 7.45 £ 0.25 0.07
Co,Fey 5Cry sAl-melted-673 K 6 h-mag (D) 1 —0.04 £ 0.01 0.02 + 0.01 30.8 + 0.05 0.34
2 —0.03 £ 0.01 —0.02 £+ 0.01 29.35 £+ 0.06 0.41
3 —0.02 £+ 0.01 —0.08 £+ 0.04 27.36 £ 0.21 0.09
4 0.02 £+ 0.01 0.311 £+ 0.04 0 0.05
5 0.31 + 0.03 —0.76 £+ 0.05 16.94 + 0.25 0.08
6 0.22 £+ 0.06 0.45 + 0.13 22.06 £ 0.43 0.03

Due to enhanced A, type of disordering fine Cr rich zones are
primarily formed at the grain boundaries in the ferromagnetic
matrix. Magnetic ordering temperature for Cr rich Fe-Cr has
been reported to be close to 673 K.>***° Hence annealing at
a temperature close to 673 K is expected to result in reduction of
Fe-Cr repulsion mediated by spin frustration due to AFM
interaction between Fe and Cr atoms. This is understood to
result in the enhancement of magnetically ordered zones with
the partial dissolution of Cr rich zones. As these zones are
occurring nearby grain boundaries moderate annealing at 673 K
which is importantly coinciding with the magnetic ordering
temperature of the Cr rich Fe-Cr zones an appreciable disso-
lution of these zones is observed.

Based on the results of this study the as melted Co,Fe s-
Cr, sAl sample from one lot has been subjected to annealing at
673 K for 6 h and quenched to study the recovery of A, type of
defects present in the as melted sample. Strikingly about 20% of
recovery of defects is observed after the above annealing treat-
ment. Hence based on the results of this study, it is suggested
that by keeping the substrate temperature at 673 K it might be
possible to prepare Heusler compounds based thin films of
Co,Fe, 5sCr, sAl/Co,Fe, sCr,y Al with reduced defect concentra-
tion having ordered lattice. Therefore the results of the present
study might have significant implications on the application of
these samples either the bulk or thin film by means of reducing
the A, type of disordered zones due to proper annealing treat-
ments as suggested in this study.

Summarizing, this work reports the effects of ordering/
disordering of the lattice due to magnetic interactions
between Fe,Co and Cr atoms in Co,Fe;_,Cr,Al, particularly
addressed in a detailed manner in Co,Fe, 5Cr, sAl, as compared

19116 | RSC Adv, 2023, 13, 19106-19118

with that of pristine Co,FeAl and Co,FeAl, 5Sip 5. Further the
effect of non-equilibrium treatments on the Cr substituted
samples viz., Co,Fe,sCry,Al and Co,Fe,sCrgsAl has been
addressed extensively. The partial presence of Co-Cr and Co-Fe
type of antisite defects leading to A, type of disordered lattice of
the as melted Co,Fe, gCr, ,Al has been observed along with the
dominantly present ordered sites. Significant increase in the
fractions of Fe atoms associated with the A, type of disordering
is observed in Co,Fe, 5Cry sAl subjected to quenching which is
elucidated in this study. Having observed the appreciable
influence of the quenching effects on the lattice disordering in
Co,Fe, 5Crg 5Al, controlled annealing studies have been carried
out to address the defect recovery which show the appreciable
recovery of lattice ordering following annealing treatment at
673 K. Based on the results as deduced in this study the as
melted Co,Fe, 5Cr, sAl has been subjected to annealing at 673 K
for 6 h which has resulted in a defect recovery by close to 20%
leading to an appreciable increase in the lattice ordering. In the
annealed system, the disordered fraction has got reduced to as
low as 5% which is a striking result of the present study which
could be of immense potential with respect to applications of Cr
substituted Co,FeAl based systems including bulk and thin
films based hetero structures for spintronic applications.

4. Conclusion

The partial presence of Co-Cr and Co-Fe type of antisite defects
leading to A, disordered lattice of the as melted Co,Fe, gCr, ,Al
has been observed along with the dominantly present ordered
sites. Significant increase in defects associated fractions, in
particular of A, type of defects, is observed in the case of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Co,Fe, 5Crg 5Al subjected to quenching. This is understood to
result in an enhanced lattice disorder leading to a sharp
reduction in the mean value of the magnetic hyperfine fields as
deduced at Fe sites. Isochronal annealing studies on the
quenched Co,Fe( sCrysAl show that the optimal recovery of
defects occurs following annealing at 673 K. This experimental
finding might have significant impact on the utilization of Cr
substituted Co,FeAl systems for highly efficient spintronic
devices. This study therefore elucidates an important role of the
manifestation of the magnetic interactions especially between
Fe, Co and Cr atoms leading to significant changes in the
concentration and specific types of defects selectively produced
in Co,Fe, 5CrysAl as compared with that of Co,Fe,gCrg,Al
subjected to similar non-equilibrium treatments in this study.
The effective value of the hyperfine field is also observed to be
correlated with the degree of ordering/disordering of the lattice
with the Fe atoms associated with ordered sites experiencing
much higher value of the hyperfine field as compared to that of
the disordered sites. This study also proposes optimal anneal-
ing treatment for the recovery of defects in Co,Feq sCrg Al
which would be of significant importance in these spintronic
materials.
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