Evidence of anomalous conventional and
spontaneous exchange bias, high coercivity
in Fe doped NiCr,04 spinelt
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NiCro_sFe,O4 (x = 0 and 0.2) polycrystalline ceramics have been synthesized successfully through a
simple co-precipitation technique to study the evolution of structural and magnetic properties by doping
Fe. X-ray diffraction (XRD) reveals that the high-temperature cubic phase (space group Fd3m) observed at
320 K in bulk NiCr,Oy4 is stabilized at room temperature by decreasing the particle size to nanometer in x
= 0 as well as after incorporating 20 at% Fe in the NiCr,O4 lattice. The cation distribution obtained from
X-ray absorption fine structure (XAFS) analysis illustrates that while in x = 0, Ni®* and Cr®* ions occupy the
tetrahedral (A) and octahedral (B) sites, respectively, x = 0.2, Fe>* and Cr®* ions occupy the A and B sites,
respectively, and Ni?* ions are distributed among the A and B sites. This transformation from the normal
to mixed spinel structure strongly affects the magnetic properties. While the paramagnetic to long-range
ferrimagnetic ordering temperature Tc is enhanced from 71 to 192 K, significantly large coercive field (Hc)
of ~29 kOe is observed for x = 0.2 as compared to the Hc ~13 kOe for x = 0. Moreover, unusually large
conventional and spontaneous exchange bias fields of ~26 and ~2.6 kOe are observed for x = 0.2, which
is absent for x = 0. The presence of anomalous exchange bias field is ascribed to the unidirectional
exchange anisotropy between the two magnetic sublattices at A and B sites. The training effect of the
exchange bias field is discussed using a phenomenological model, which considers the contribution from
irreversible uncompensated spins that modify the exchange anisotropy at the interface between A and B
magnetic sublattices. In addition, diffuse neutron scattering (DNS) with XYZ analysis is employed for both
compositions to clearly illustrate the low-temperature peculiar magnetic phase transitions such as spin
spiral transition, Ts and spin lock-in transition, T\. The DNS demonstrates that while T, decreases from 10 K
to 7 K with the incorporation of Fe in the NiCr,O4 lattice, Ts significantly increases from 28 K to 50 K.

ion preferentially occupy the B site due to its large crystal field

Introduction

Chromites, with the general formula ACr,O, (A = Ni, Co, Zn,
Fe, etc.) have attracted much attention not only due to their
potential applications that span from electronic and memory
devices to electrode and catalysts materials but due to their
multiferroic nature." At high temperature, these spinel com-
pounds crystallize in the cubic phase with the space group
Fd3m, where oxygen ions form the face-centered cubic (FCC)
lattice. Within this structure, there are two types of interstitial
sites surrounded by oxygen ions such as the tetrahedral A site
and the octahedral B site. While A>" ion occupy the A site, Cr*"
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stabilization energy.” The presence of orbital degeneracy in the
A site ions, such as Ni**, Fe*", and Cu?®", leads to the reduction
of the high symmetry cubic phase into the tetragonal phase
caused by cooperative Jahn-Teller distortion.” Moreover,
strong coupling between the spin, orbital, and lattice degrees
of freedom in these compounds further enable the reduction
of lattice symmetry coupled with magnetic phase transition.>®
In this context, NiCr,0, is a unique normal spinel compound
that not only exhibits concurrent structural and magnetic
phase transitions but is also reported to exhibit multiferroic
properties.”” It undergoes a structural phase transition from
the cubic to tetragonal (space group I4,/amd) phase caused by
cooperative Jahn-Teller distortion at 320 K.*” Below 320 K,
magnetostructural coupling induced tetragonal to ortho-
rhombic (space group Fddd) phase transition occurs at 65 K,
which coincides with the Curie temperature, T.° Further, dis-
tortion within the orthorhombic phase at spin-spiral ordering
temperature, Ts ~31 K has been observed.®® Besides the intri-



guing structural and magnetic phase transitions, NiCr,0, exhi-
bits a complicated magnetic structure where A site magnetic
ions form a diamond sublattice with the ferromagnetic (FM)
ordering and Cr’* ions occupies the B sites forming the mag-
netically frustrated pyrochlore sublattice with the antiferro-
magnetic (AFM) exchange interaction between neighboring
Cr’*" ions.'® Thus, the incorporation of different transition
elements in either A or B sites offers lots of opportunities for
tuning the structural and magnetic properties such as the
coexistence of structural phases, exchange bias (EB), large
coercivity, and temperature induced magnetization
reversal.''™"? For instance, EB has drawn significant attention
due to its potential technological applications in spin valves,
read heads for recording devices, and magnetic tunnel junc-
tion based devices.'*'® There are two different types of EB
such as conventional exchange bias (CEB) and spontaneous
exchange bias (SEB), which are manifested as the shift in the
hysteresis loop along the magnetic field axis under the pres-
ence and absence of magnetic field cooling, respectively.'’
These are generally induced by the unidirectional exchange an-
isotropy at the interface between irreversible and reversible
magnetic phases. Meiklejohn and Bean have first reported the
CEB in Co/CoO in 1956 and since then, it has been tremen-
dously explored and studied in a large number of systems,
including FM/AFM magnetic multilayers, FM-spin glass (SG)
system, and FM/AFM nanocomposite structures.”*>> On the
other hand, SEB was first observed by Wang et al. in 2011 in
Ni-Mn-In based Heusler alloy and later on, it was mainly
studied in three magnetic systems, including antiperovskite,
Heusler alloy, and BiFeO; based composites.>*” Recently,
SEB of ~2.3 kOe has been reported in Cu doped CoCr,0,
spinel compound by Wang et al., which they attributed to the
exchange coupling interaction between the AFM and FM sub-
lattices.”® Similarly, Barman et al. showed that incorporation
of non-magnetic Al in NiCr,0, lattice leads to the development
of anisotropic exchange interaction between FM and AFM sub-
lattices, resulting in CEB of 2.83 kOe.*® In addition, the pres-
ence of spin glass (SG) phase has been reported in Mn substi-
tuted NiCr,0, by Zhu et al., which consequently results in CEB
of ~3.3 kOe and significantly large H¢ of ~21 kOe.** In our
recent report, we have demonstrated the presence of very large
CEB and SEB of ~11 and 1.2 kOe, respectively, after doping 10
at% Fe in the NiCr,0, lattice.* In order to further increase the
CEB/SEB, we have further enhanced the Fe concentration in
the NiCr,0, nanoparticles.

In this report, we compare the structural and magnetic pro-
perties of NiCr,0, and NiCr; gFe, ,0, to illustrate the role of Fe
in NiCr,0,. Unlike bulk NiCr,0O,, we observed the stabilization
of the cubic phase at RT in both x = 0 and 0.2. XAFS analysis
reveals that with incorporation of Fe, while Fe** and Cr*" ions
occupy A and B sites, respectively, and Ni** ions are distributed
among A and B sites showing a mixed spinel structure. While
normal to mixed spinel conversion enhances T from 72 K to
192 K, an anomalous increase in the coercivity of 29 kOe was
observed for x = 0.2. Surprisingly, unusually high CEB ~26 kOe
and SEB ~2.6 kOe have been observed for x = 0.2. The origin of

CEB/SEB is discussed in the context of irreversible uncompen-
sated AFM spins at the B site, providing pinning force to the
rotation of reversible FM spins at the A site. The validation of
CEB and its origin is further understood through the training
effect.

Experimental work
Synthesis procedure

NiCr,_,Fe,O, (x = 0 and 0.2) powder samples were prepared by
the easy, cost-saving co-precipitation technique. Prior to the
synthesis, separate 1 M stock solutions of ferric nitrate (Fe
(NO3)3-9H,0), chromium nitrate (Cr(NOs);-9H,0), and nickel
nitrate (Ni(NO;),-6H,0) were prepared. The required stoichio-
metric amounts of these nitrate solutions were mixed and sub-
jected to magnetic stirring for 1 h, followed by the slow
addition of aqueous ammonia solution of 1 M concentration.
The addition of ammonia solution was continued till the pH
of the mixed solution was 9. The obtained precipitate was fil-
tered using filter paper (Whatman, Grade 1) and then washed
several times using deionized water, followed by acetone.
Afterwards, the precipitate was dried in an oven at 125 °C for
48 h and was properly crushed and grinded using a mortar
and pestle to obtain the fine powders. Finally, the fine
powders were calcined at 1100 °C for 6 h for better
crystallinity.

Characterizations

The calcined powders were characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM), X-ray absorption
fine structure (XAFS) spectroscopy, diffuse neutron scattering
(DNS), and magnetic measurements. XRD was carried out at
RT using a Rigaku powder diffractometer in Bragg-Brentano
0-0 geometry with a fixed sample holder and a curved crystal
graphite monochromator. A ZEISS scanning electron micro-
scope (SEM, XIGMA) was used to carry out the microstructural
analysis. The Cr, Fe, and Ni K-edge XAFS spectra were collected
using the XAS beamline, Elettra-Sincrotrone, Trieste (Italy) in
the transmission mode. The target materials were prepared by
mixing the calcined powder thoroughly with polyvinylpyrroli-
done [(C¢HoNO),] in the ratio of 1:10 and the pellets of
15 mm diameter were made after applying 1 ton of pressure.
The analysis of the XAFS spectra was performed using the
Demeter package (Athena, Artemis, and Hephaestus) devel-
oped by B. Ravel and M. Newville in 2005.>" This Demeter
package is based on the IFEFFIT program suite and coded in
the Perl programming language with Perl/TK graphics toolkit,
and also uses the PGPLOT package for plotting data. The
package is free of cost and portable to various computer oper-
ating systems such as Windows, Linux, and Macintosh.
Initially, the raw data were reduced to a suitable form using
the Athena software, which includes the following operations:
conversion of raw data into x(E), background removal, data
normalization, and main edge position (E,) determination. E,
refers to the energy value where the intensity of normalized



absorption was 0.5. The experimental data were fitted with the
theoretical spectrum generated by the Atoms and FEFF pro-
grams inbuilt with the Artemis software. The diffuse neutron
scattering (DNS) spectrometer at FRM II, JCNS, Garching,
Germany was used to carry out the polarized neutron scatter-
ing (XYZ polarization analysis) of the x = 0 and 0.2 samples.
The measurements were carried out by mounting the samples
on aluminum holders with the sample environment of the
top-loading closed cycle refrigerator (CCR) type in the tempera-
ture range of 3.5-180 K. Both horizontally and vertically adjus-
table monochromators with double focusing were used to
select the neutron wavelength (4.2 A). The separation of mag-
netic contribution from the spin-incoherent and nuclear
coherent contributions was performed using XYZ-polarization
analysis by the dnsplot software. A vibrating sample magnet-
ometer (VSM) of quantum design was used for the temperature
and magnetic field dependent dc magnetization measure-
ments within the temperature range of 2-300 K and the
maximum field range of —70 to 70 kOe. Before measurement,
the coil was demagnetized in the oscillatory mode from —70 to
+70 kOe at RT to remove any trapped magnetic flux in the
superconducting coil.

XAFS analysis

Fig. 1(a-f) depicts the normalized X-ray absorption near-edge
spectroscopy (XANES) spectra along with the pre-edge features
measured at Ni, Cr, and Fe K-edges for NiCr,_,Fe,O, (x = 0 and
0.2). It has been reported that the pre-edge features are mainly
due to the electronic transition between different shells and
the intensity of the pre-edge peak strongly depends on the
coordination geometry surrounding the absorbing atom.’*”*°
The intense pre-edge features are mostly observed for the
absorbing atom present in a non-centrosymmetric environ-
ment such as an A site due to the sum of the significantly
large electric dipole transition of 1s electron and the p com-
ponent in 3d-4p hybridized metal orbitals and the very small
electric quadrupole transition of 1s electron to the 3d
orbital.>*???*¢ Less intense pre-edge peaks are mostly observed
in a centrosymmetric environment such as a B site where the
3d-4p hybridization is not possible, which leads to the only
electric quadrupole (1s — 3d) transition.**® Prior to the ana-
lysis of the pre-edge feature, the background of the pre-edge
peaks were subtracted using a spline function, which smoothly
follows the data points prior and immediately after the pre-
edge peak. Afterwards, the fitting of the pre-edge peak is per-
formed using a Gaussian profile function for all the three tran-
sition metal K-edges in x = 0 and 0.2, as shown in Fig. 2. The
results of the fitting are given in Tables 1-3. The pre-edge peak
intensity is estimated as the product of normalized peak
height and full-width at half maximum (FWHM) of the pre-
edge peak (Tables 1-3).>” The most intense pre-edge feature is
observed at the Fe K-edge for x = 0.2 (Fig. 2). Similar results for
pre-edge features at Fe K-edge have been reported by Wilke
et al. where Fe®" ion occupies the A site.® Also, an intense pre-
edge peak has been reported for the distorted FeO, and TiOg
octahedra in BaFeO; and BaTiO; perovskites at the Fe and Ti
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Fig. 1 XANES spectra recorded at the (a) Ni (b) Fe and (c) Cr K-edges
and the enlarged view of the corresponding pre-edge region observed
at the (d) Ni (e) Fe and (f) Cr K-edges for both x = 0 and 0.2.

K-edges, respec‘cively.”’41 In contrast, in «-Fe,O;, where the

Fe®" ion resides in a regular B site, a very weak pre-edge peak
has been reported.*>** The second most intense pre-edge peak
is observed at Ni K-edge (x = 0) with the peak intensity of
0.0772 (6). Similar pre-edge feature has been reported for the
Ni*" ion occupying the A site.** Thus, the intensity of the pre-
edge peak indicates that the Ni*" ion occupies the A site as in
NiO where the Ni** ion occupies the B sites, a very weak pre-
edge peak at the Ni K-edge has been reported.’***
Interestingly, with the substitution of Fe in the NiCr,0, lattice,
the intensity of the pre-edge peak is found to decrease from
0.0772 (6) to 0.054 (8), accompanied by a very small shift in the
centroid position towards higher energy (Fig. 2). It has been
reported that at the Ni K-edge, the intensity of the pre-edge
peak decreases with the increase in the coordination number
and the pre-edge energy also shifts. Hence, the results at the
Ni K-edge for x = 0.2 imply that a fraction of Ni*" ions also
occupy the B-site.”>** At the Cr K-edge for x = 0, the pre-edge
feature apparently consists of three less intense pre-edge peaks
depicted as peaks A, B, and C, as shown in Fig. 2. The pre-edge
peaks A and B correspond to the electric quadrupole transition
of 1s electron to the t,, and e, orbitals, respectively.’***> While
the pre-edge peaks A and B are related to the transitions loca-
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Fig. 2 Background subtracted normalized pre-edge peak along with the fitting at the Ni, Cr, and Fe K-edges for both x = 0 and 0.2.

Table 1 Pre-edge peak information for x = 0 and 0.2 at the Ni K-edge

Normalized Centroid FWHM Peak
Sample height (eV) (eV) intensity R’
x=0 0.0446 (2)  8330.819(4) 1.732(7) 0.0772(6) 0.9989
x=0.2 0.0316 (1)  8330.878(3) 1.709(9) 0.054(8)  0.9995

Table 2 Pre-edge peak information for x = 0.2 at the Fe K-edge

Normalized Centroid FWHM Peak
Sample height (eV) (eV) intensity R’
x=02  0.108 (2) 7113.505 (7) 1.786(2) 0.192(3)  0.9973

lized at the Cr absorber itself, the peak C is related to the exci-
tation of the neighboring atoms such as (Ni/Cr/Fe).*> These
pre-edge features at the Cr K-edge are in accordance with the

Table 3 Pre-edge peak information for x = 0 and 0.2 at the Cr K-edge

trivalent Cr ion occupying the B site.*” At x = 0.2, no signifi-
cant change in the peaks A and B are observed, which strongly
demonstrate the occupancy of Cr’* ions at the B site. However,
the reduction in the intensity of peak C could be due to some
structural or electronic change beyond the nearest neighbor
oxygen shell.*” The qualitative analysis of FT EXAFS spectra
(ESIt) also agrees with the analysis of the pre-edge region.
Further, we have performed the fitting of Fourier Transformed
(FT) EXAFS spectra using theoretical models based on the pre-
edge peak analysis.

After qualitative analysis of the local structure around Ni*",
Fe**, and Cr’' ions using the XANES spectra, the fitting of the
FT EXAFS spectra was performed to further consolidate and
quantify the XANES spectral analysis. The k-range of the
EXAFS spectra over which the Fourier transformation was per-
formed is given in Table 4. The fitting of the FT EXAFS spectra
is performed over a range of 1-4 A at each transition metal

Sample Peak Normalized height Centroid (eV) FWHM (eV) Peak intensity R’
x=0 A 0.0178 (2) 5990.681 (5) 1.17 (1) 0.0208 (4) 0.9975
B 0.0033 (3) 5992.795 (49) 0.86 (9) 0.0028 (5) 0.9975
C 0.0062 (3) 5993.952 (34) 1.21 (8) 0.0075 (8) 0.9975
x=0.2 A 0.0175 (1) 5990.675 (4) 1.14 (1) 0.0199 (2) 0.9982
B 0.0032 (2) 5992.751 (45) 0.89 (8) 0.0028 (4) 0.9982
C 0.0036 (1) 5993.881 (51) 1.21 (7) 0.0043 (3) 0.9982
Table 4 EXAFS statistical results for x = 0 and 0.2 at the Ni, Cr, and Fe K-edges
Sample K-edge k-Range (A™) R-Range (A) Niap N, R-Factor w
x=0 Cr 3.0-13.75 1.0-4.0 18.18 9 0.007 211.97
Ni 2.8-13.4 1.0-4.0 17.30 9 0.012 384.24
x=0.2 Cr 3.0-13.75 1.0-4.0 18.18 9 0.007 169.27
Ni 2.8-13.4 1.0-4.0 17.30 12 0.011 404.73
Fe 3.0-14.0 1.0-4.0 17.47 9 0.012 384.24



K-edge. The theoretical models used to fit the experimental
spectra were developed by running the ab initio calculations
using the FEFF6 inbuilt into the Artemis program.®' Structural
information such as atomic coordinates, lattice, and oxygen
parameters obtained from the Rietveld refinement of the XRD
data was employed as the input to create the FEFF file. At the
Cr K-edge, a theoretical model was used to fit the FT EXAFS
spectra of x = 0 and 0.2 where the Cr absorber atom was con-
sidered to strictly occupy the B site (hereafter denoted as Crg)
with the Ni scatterer atom at the A site (hereafter denoted as
Ni,). At the Fe K-edge, the FT EXAFS spectra was fitted with a
theoretical model where the Fe absorber atom strictly occupied
the A site (hereafter denoted as Fe,) with the Crp scatterer
atom. At the Ni K-edge, a theoretical model was used to fit the
FT EXAFS spectrum of x = 0 with the Ni, absorber atom and
the Crg scatterer atom. For x = 0.2, two theoretical models were
used simultaneously to fit the spectra. In the first model, Niy
is the absorber atom with Crg as the scatterer atom, while in
the second model, the Ni absorber atom strictly occupies the B
site (hereafter denoted as Nig) with the Ni, scatterer atom.
Similar to that for x = 0 at the Ni K-edge, the FT EXAFS spec-
trum for x = 0.2 was also fitted considering Ni, as the absorber
atom; however, both the EXAFS statistical and fitting results
(Tables S1 and S21) are significantly poor compared to y,”> and
R-factor values obtained while considering the partial occu-
pancy of the Ni absorber atom at both the A and B sites.

The fitting of the FT EXAFS spectra was performed without
any photoelectron scattering phase-shift correction for both x
=0 and 0.2. The amplitude reduction factor (S,*), an element
specific quantity, is determined from the reference sample
and estimated to be 0.9, 0.88, and 0.74 at the Ni, Cr, and Fe
K-edges, respectively. The S,> parameter is kept fixed for each
path during the fitting at all the three transition metals
K-edges. The Fermi energy correction (E,) parameter was con-
strained to the same for each path and varied during the
refinement. At x = 0, other EXAFS parameters such as coordi-

nation number (N), bond-length (R), and Debye-Waller factor
(6%) were varied during the fitting. At x = 0.2, the same strategy
was applied to fit the FT EXAFS spectra at the Cr and Fe
K-edges. At the Ni K-edge, a different strategy was used to fit
the FT EXAFS spectra. In this strategy, to vary N, the proportion
of absorber atom in the A site is considered to be x, so the pro-
portion of the absorber atom in the B site would be (1 — x).
Consequently, the number of oxygen scatterers in the first
coordination shell of the A and B sites would be 4x and 6(1 —
x). So, by refining the x, one can determine the N corres-
ponding to the first coordination shell of the A and B sites.
Similarly, the number of scatterers for the outer coordination
shells can also be defined in terms of x and these relationships
were set as a constraint. To reduce the number of fitting vari-
ables, ¢” was constrained to be the same for the Ni-O single
scattering path corresponding to the first coordination shell of
the A and B sites. No constraint was applied for the parameter
R and ¢ (Ni-absorber/scatterer (metal)) and they were varied
independently for each path. Fig. 3-5 shows the fitting of the
EXAFS spectra in the k-space (A™') and magnitude and real
part of the R-space (A) at all the three transition metals
K-edges. It should also be noted that only the single scattering
paths were used for the fitting of the FT EXAFS spectra. As the
inclusion of multiple scattering paths led to an increase in the
reduced »* (r,°) and the residual factor (R-factor) as well as
large statistical correlation between the fitted parameters, they
were not used in the presented fitting. The EXAFS statistical
results and best fitting parameters obtained are tabulated in
Tables 4 and 5-7, respectively. From Table 5, we find that at
the Cr K-edge, no significant change in the bond length (R)
and Debye-Waller (6°) factor was observed with the incorpor-
ation of Fe in the NiCr,0, lattice. The Crz-O bond length of
1.985 (5)-1.990 (5) A obtained from the fitting was consistent
with the Crg-O bond length of 1.987-1.990 A reported for
NiCr,0, and CoCr,0,.***" Similarly, at the Ni K-edge, no sig-
nificant change in the Niy—O bond length corresponding to
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Fig. 3 Fitting of the EXAFS spectra with the theoretical pattern in (a and b) k-space (A™) (c and d) magnitude part of R-space (A) and (e and f) real
part of R-space (A) with k*-weighting at the Cr K-edge for both x = 0 and 0.2.
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Fig. 4 Fitting of the EXAFS spectra with the theoretical pattern in (a and b) k-space (A™) (c and d) magnitude part of R-space (A) and (e and f) real
part of R-space (A) with k*-~weighting at the Ni K-edge for both x = 0 and 0.2.
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Fig. 5 Fitting of the EXAFS spectra with the theoretical pattern in (a) k-space (A~ (b) magnitude part of R-space (A) and (c) real part of R-space (A)

with k*-weighting at the Fe K-edge for x = 0.2.

Table 5 Fitting results of the FT EXAFS spectra at the Cr K-edge for x =
0and 0.2

Path Parameter x=0 x=0.2
Cr-0 N (6) 5.98 (20) 5.96 (20)
AE, (eV) 2.14 (77) 1.03 (79)
R (A) 1.990 (5) 1.985 (5)
o (A% 0.0039 (4) 0.0035 (4)
Cr-Cr N (6) 5.98 (20) 5.96 (20)
AE, (eV) 2.14 (77) 1.03 (79)
R(A) 2.935 (5) 2.936 (5)
o (A% 0.0040 (3) 0.0039 (3)
Cr-Ni N (6) 5.98 (20) 5.96 (20)
AE, (eV) 2.14 (77) 1.03 (79)
R(A) 3.455 (14) 3.454 (5)
o (A% 0.010 (1) 0.011 (1)
Cr-0 N (6) 5.98 (20) 5.96 (20)
AEq (eV) 2.14 (77) 1.03 (79)
R(A) 3.747 (16) 3.746 (15)
o (A% 0.0041 (4) 0.0037 (4)

the nearest neighbors of oxygen atoms was observed with the
incorporation of Fe in the NiCr,0, lattice (Table 6). The Ni,—O
bond length of 1.946 (14)-1.950 (1) A obtained from the fitting
was consistent with the Ni,-O bond length of 1.96 (1) A
reported for bulk NiCr,0,.***® However, in addition to the Ni,
absorber atom in x = 0.2, the Nig absorber atom also contribu-
ted to the first shell of the FT EXAFS spectra with the bond
length of 2.017 (25) A. A significant decrease in the coordi-
nation number of the nearest neighbor oxygen atoms sur-
rounding the Ni, and Nip absorber atoms was consistent with
the XANES analysis at the Ni K-edge and confirmed the distri-
bution of Ni absorber atoms among the A and B sites. Beyond
the first coordination shell of the oxygen atoms, both the bond
length and ¢* decreased with the incorporation of Fe in the
NiCr,0, lattice. At the Fe K-edge in x = 0.2, the Fe,—O bond
length of 1.879 (5) A (Table 7) was significantly smaller than
that of Crg-O (1.985 (5)-1.990 (5) A) and Niys-O (1.946 (14)-
2.017 (25) A), which is ascribed to the relatively smaller radius
of Fe*" ions (0.49 A) in the A site. Similar to our observation,
Giusta et al. and others have also reported a similar bond
length of 1.88 A for Fe** ions occupying the A site environment



Table 6 Fitting results of the FT EXAFS spectra at the Ni K-edge for x =
0and 0.2

Path Parameter x=0 x=0.2
Niy-O N (4) 3.97 (21) 3.08 (18)
AE, (eV) -1.91 (139) -1.15 (156)
R (A) 1.950 (1) 1.946 (14)
o” (A% 0.0049 (7) 0.0046 (6)
Nig-O N (6) — 1.37 (6)
AE, (eV) — -1.15 (156)
R (A) — 2.017 (25)
o (A% — 0.0046 (6)
Nig-Nig N (6) — 1.37 (6)
AE, (eV) — —1.15 (156)
R(A) — 2.960 (17)
o (A% — 0.0060 (17)
Niy—Cr N (12) 11.91 (65) 9.25 (50)
AE, (eV) -1.91 (139) -1.15 (156)
R (A 3.491 (8) 3.479 (10)
o (A?) 0.0066 (6) 0.0046 (6)
Niy-O N(12) 11.91 (65) 9.25 (50)
AE, (eV) -1.91 (139) -1.15 (156)
R(A) 3.522 (16) 3.478 (24)
o (A% 0.0053 (6) 0.0048 (6)
Niy—Niy N(12) 3.97 (21) 3.08 (18)
AE, (eV) -1.91 (139) -1.15 (156)
R(A) 3.644 (13) 3.610 (16)
o (A% 0.0042 (10) 0.0026 (10)

Table 7 Fitting results of the FT EXAFS spectra at the Fe K-edge for x =
0.2

Path Parameter x=0.2
Fe-O N(4) 3.96 (19)
AE, (eV) —1.44 (65)
R (A) 1.879 (5)
o (A% 0.0031 (7)
Fe-Cr N (12) 11.88 (57)
AE, (eV) —1.44 (65)
R (A) 3.448 (7)
o (A% 0.0050 (6)
Fe-O N (12) 11.88 (57)
AE, (eV) —1.44 (65)
R (A) 3.775 (25)
o (A% 0.0116 (36)
Fe-Fe N (4) 3.96 (19)
AE, (eV) ~1.44 (65)
R(A) 3.576 (20)
o (A% 0.0058 (19)

of oxygen atoms.’®*® Hence, based on both qualitative and

quantitative analysis of the XAFS spectra, we confirm that the
incorporation of Fe in the NiCr,0, lattice results in the occu-
pation of the A site by the Fe*" ions and the distribution of
Ni*" ions among the A and B sites while maintaining the pre-
ferential occupation of Cr’’ ions in the B sites. Further, the
effect of cation distribution was examined for its structural
modification prospect.

Structural and microstructural analysis

The X-ray diffraction patterns of NiCr,0, and Fe doped
NiCr,0, at RT are shown in Fig. 6(a and b). The prominent
Bragg peaks correspond to the (111),(220),(311),(222),(4
00),(422),(51 1), and (4 4 0) planes of the cubic phase of
NiCr,0,4 with the space group, Fd3m (JCPDS file no. 896615).
No characteristic Bragg peaks corresponding to the impurity
phases were detected within the resolution limit of XRD,
which eliminates the possibility of formation of any impurity
phase in both the samples. It is worth mentioning that
although the tetragonal phase was observed in bulk NiCr,0, at
RT, we could stabilize the cubic phase at RT both with and
without the incorporation of Fe in the NiCr,O, lattice.
Similarly, Ptak et al. and others also reported the decrease in
cooperative J-T driven cubic to tetragonal structural phase
transition temperature with the reduction in particle size of
NiCr,0,.>%°" As the XAS analysis shows that the cation distri-
bution in x = 0 is no different from its bulk counterpart, this
suggests that the stabilization of the cubic phase at RT in the
NiCr,0, nanoparticles could be due to increased lattice strain
with the reduction in particle size. In this context, an “internal
stress model” proposed by Buessem et al. suggests that in a
strained nanoparticle system, the system would tend to sup-
press the effect of spontaneous structural deformation and
compel the structure towards a higher symmetry state.>> Thus,
the structural phase transition temperature decreases with the
decrease in the particle size.’>>® Therefore, to investigate the
role of particle size and lattice strain for the cubic phase at RT,
the Williamson-Hall method is employed as shown in Fig. 6(c
and d). The average crystallite size and lattice strain are
extracted from the XRD peak broadening using

kA
ﬂcos@z%—i—%sin@ (1)

where f is the full width at half maximum (FWHM in radians),
O is the Bragg angle, ¢ is the lattice strain, D is the crystallite
size, and 4 is the wavelength of the X-rays. The fitting results
such as lattice strain and crystallite size are tabulated in
Table 8. We observe that with the incorporation of Fe in the
NiCr,0, lattice, the lattice strain decreases and the crystallite
size increases. The result clearly suggests that while the large
lattice strain in the NiCr,04 nanoparticles stabilizes the cubic
phase at RT, at x = 0.2, the cubic phase at RT is due to the dis-
tribution of J-T active Ni** jons as confirmed from the XAS
analysis. Further, we have carried out the scanning electron
micrographs for x = 0 and 0.2, as shown in Fig. 7(a) and (b),
respectively. The particles are well distributed and cuboidal in
shape. The particle size histograms depicted in the inset of
Fig. 7 illustrate the average particle size of ~80.2 (3) and ~83.5
(2) nm for x = 0 and 0.2, respectively. The Rietveld refinement
is employed to fit the XRD patterns using the standard
FullProf program as shown in Fig. 6.>* The experimental, cal-
culated, and their difference pattern are denoted as a solid
line, dot, and continuous bottom line, respectively. The posi-
tion of the Bragg reflections represented by the tick marks
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Fig. 6 Room temperature X-ray diffraction pattern of (a) x = 0 and (b) x = 0.2 along with the Rietveld refinement. Williamson—Hall plots for (c) x = 0

and (d) x = 0.2.

Table 8 Structural parameters obtained from the Williamson—Hall plot
and Rietveld refinement

Crystallite Particle Lattice strain Lattice .
Sample  size (nm) size (nm) (e x107%) parameter (A)
x=0 58 (4) 80.2 (3) 1.33 (15) 8.3182 (1)
x=0.2 66 (3) 83.5 (2) 0.84 (10) 8.3226 (1)

above the difference pattern indicate the reflection planes of
the cubic phase. The lattice parameter obtained from the
refinement is found to be 8.3182 (1) A and 8.3226 (1) A for x =
0 and 0.2, respectively. The increase in the lattice parameter
corroborates with the increase in particle size and EXAFS ana-
lysis, confirming that Fe*" (0.49 A) ions occupy the A site and
replace Ni*" (0.55 A) ions in the B site. The large radius of Ni**
ion (0.69 A) compared to that of Cr*" ion (0.61 A) in the B site
leads to an increase in the lattice parameter.

Temperature-dependent magnetization

Fig. 8(a) and (b) illustrates the temperature dependent zero-
field-cooled (ZFC) and field-cooled (FC) magnetization with
an external applied field of 0.1 kOe for x = 0 and 0.2, respect-
ively. With decreasing temperature from 300 K, both Mg
and Mgc showed an abrupt jump at about 71 K for x = 0,
which is an indication of para to long-range ferrimagnetic
transition temperature, 7c. Tc was estimated by fitting the
linear part of Mzrc and extrapolating it to zero at the tempera-
ture axis (Fig. 8). T was estimated to be ~71.2 (13) K, which
is ~6 K higher than the T ~65 K of bulk NiCr,0,.” Further,
we observed that with incorporation of 20 at% Fe in the
NiCr,0, lattice, T significantly increased to 192 (2) K which
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Fig. 7 Scanning electron microscope (SEM) images of (a) x = 0 and (b) x
= 0.2. Particle size distribution of x = 0 and 0.2 are shown in the insets
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is much higher than that of x = 0. Similar to our results, Park
et al. have reported an increase in 7T with the incorporation
of 10, 30, and 50 at% Fe in the NiCr,0, lattice to 135, 230,
and 375 K, respectively, while the incorporation of non-mag-
netic Al ion in the NiCr,0, lattice has been reported to
exhibit a decrease in T, due to weakening of the A-B
exchange interaction.”®* As T is governed by the strength of
A-B exchange interaction, an increase in the 7 in the present
case thus confirms the enhancement in the strength of A-B

exchange interaction with the incorporation of Fe ions in the
NiCr,0, lattice.>® Moreover, T is also increased with lattice
expansion in the spinel oxide nanoparticles.’® A significant
increase in the T of CoCr,04, MnCr,0,, and MnFe,O, nano-
particles from their bulk counterparts have been reported by
various researchers and have been attributed to lattice expan-
sion in the nanoparticles.””***” Below T¢, irreversibility
between M,zc and My curves was observed at 68 K and 188 K
for x = 0 and 0.2, respectively, which is known as irreversible
temperature, Tj, (Fig. 8). A relatively large enhancement in
Mz as well as large bifurcation between My and Mygc curves
below Tj., implies the presence of uncompensated moments
caused by strong magnetocrystalline anisotropy.”® On further
decreasing the temperature, another magnetic anomaly was
observed at 28 K for x = 0, which is known as the spin spiral
ordering temperature, Ts. Ts does not change compared to
the value found in bulk NiCr,0,.*'° On cooling to lower
temperatures, x = 0.2 exhibits a magnetic anomaly in the
Mxc curve known as the lock-in transition temperature, 7] at
about 7 K, which could not be clearly observed in x = 0. While
T has been observed in bulk CoCr,0, and MnCr,0, at 13 and
14 K, respectively, we did not observe 7} in Fe doped
CoCr,0,.*”%° Though Tg could not be clearly observed at
lower applied field (0.1 kOe) in x = 0.2 (Fig. 8(b)), at higher
applied fields, i.e., 10, 30, and 50 kOe, the presence of a
broad maximum below T¢ in Mzgc gives the signature of Ty,
as shown in Fig. 8(c). Further, we performed the neutron
diffraction with XYZ polarization analysis to clearly illustrate
the presence of magnetic anomalies such as Ts and Ty in x =0
and 0.2.

Diffuse neutron scattering

Diffuse neutron scattering (DNS) with XYZ polarization ana-
lysis distinctively separates the contribution of spin-incoher-
ent, magnetic, and nuclear coherent components, providing
better opportunity to clearly illustrate the peculiar magnetic
transitions such as Tg and Tj, which are otherwise difficult to
deduce from the volume averaged macroscopic magnetic
measurements. Fig. 9 shows the separated scattering contri-
bution of spin-incoherent, magnetic, and nuclear coherent
components obtained for x = 0 and 0.2 at 3.5 K. The intensity
of spin-incoherent scattering component is almost constant in
both the samples, indicating successful separation and refer-
ence calibration. The fundamental peak (111) of the magnetic
scattering component is observed at the same position as that
for the Bragg reflections of the nuclear coherent scattering
component. However, the intensity of (111) is significantly
high compared to that of the nuclear coherent scattering com-
ponent in both x = 0 and 0.2. In addition, magnetic satellite
peaks are observed at 1.08 and 1.69 A™" in x = 0, while no such
peaks could be clearly resolved in x = 0.2. The presence of sat-
ellite peaks demonstrates the presence of spin spiral magnetic
structure, which is in agreement with the magnetic structure
of NiCr,0, deduced from the neutron diffraction measure-
ment."® Similarly, the presence of satellite peaks have also
been reported for CoCr,0, nanoparticles and are attributed to
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the spin spiral magnetic structure.”®" Although, the satellite
peaks cannot be clearly observed in x = 0.2, it does not comple-
tely rule out the presence of spin spiral magnetic structure. In

10 at% Fe doped CoCr,O, nanoparticles, it has been shown 10K ! ?o ” 7K &
that while the satellite peaks could be observed for 50 nm par- : ' :
ticles, no satellite peaks were clearly observed for 10 nm par- 20K \ "’ 15K
ticles; however, both sizes of particles demonstrated the signa- ~ mmmm@“@ PR
ture of spin spiral magnetic ordering through the temperature 3 |k | & | 20K
dependence of fundamental peak intensity.®” Fig. 10 shows 8 : i | S
the magnetic contributions measured in the temperature B 30K ) 30K
range of 3.5-80 K and 3.5-180 K for x = 0 and 0.2, respectively. g "w'm"m'“ww««w«w« | T
It is clear from Fig. 10 that the fundamental magnetic peak 9 35K 50 K S%
(111) in both x = 0 and 0.2 broadens and diminishes towards E *“‘*“’““«'ﬂ"l““'“"«m«r«w«mw ) g

their respective T¢, which indicates the presence of long-range
ferrimagnetic ordering.> In x = 0, transition to spin spiral
magnetic ordering is accompanied by satellite peaks below
30 K in agreement with the T5 ~28 K observed macroscopically.

1
Fig. 11 shows the variation in the integral intensity of (111) in 60 K ! 150 K y
; . I
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0 are absent in x = 0.2, the significant change in the intensity
|
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of slope of (111) at 30 and 50 K for x = 0 and 0.2 indicates the
presence of spin spiral magnetic ordering. The tilting of mag-
netic moments at Ts is manifested by the variation in integral
intensity of the (111) peak.>® Further, the change in the inten-
sity of slope of (111) observed at 7 K in x = 0.2 is in agreement
with macroscopically observed T). Interestingly, while T} could
not be observed macroscopically through M vs. T plot in x = 0,
the combined intensity of the satellite peaks clearly demon-
strates the Tj at 10 K, which is also consistent with the change
in the intensity of slope of (111) at 10 K. The correlation
, where FWHM
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Fig. 10 Temperature dependence of magnetic component for (a) x = 0
and (b) x = 0.2 over the temperature range of 3.5-80 K and 3.5-180 K,
respectively. Satellite peaks 1 and 2 are abbreviated as S. peak 1 and S.
peak 2, respectively.

is the full-width at half maximum.®® The temperature depen-
dence of correlation length shown in Fig. 12 demonstrates that
as the temperature decreases, £ increases up to 35 and 125 K
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in x = 0 and 0.2, respectively. On further cooling down to 3.5 K,
a change in the slope is observed at 50 and 7 K for x = 0.2,
which corroborates well with the variation in intensity of the
fundamental peak (111) at Ts and Tj, respectively. Similarly, at
x = 0, change in the slope of ¢ is also observed at Ts and T;.
Moreover, ¢ calculated from (111) at 3.5 K were found to be
3.557 (4) and 3.602 (9) nm for x = 0 and 0.2, respectively,
which are significantly smaller than their average particle size
of ~80 nm.

Field-dependent magnetization and exchange bias

Although the crystal structure does not change with the cation
distribution with the exception of the lattice parameter, mag-
netization measured on applying field from —70 kOe to 70 kOe

under ZFC and FC (30 kOe) conditions for x = 0 was very
different compared to that of x = 0.2. Fig. 13 and 14 depict the
Mvs. Hplot at T=5, 27, 35, and 50 K for x = 0 and at T = 5, 50,
70, 90, 130, and 180 K for x = 0.2. In both cases, the magnetiza-
tion does not saturate even after applying field up to 70 kOe.
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Fig. 13 Magnetic hysteresis loops measured under the ZFC and FC
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The non-saturation of magnetization irrespective of the
measurement temperature in both the samples is ascribed to
the non-collinear or canted spin structure.”'® Similar to our
observation, other spinel systems such as MnCr,0,, NiC0,0y,,
and NiFe,O, have also been reported earlier to show non-satur-
ation of magnetization.’*®*** The magnetization at the
maximum applied field, M, obtained from the hysteresis
loop under ZFC condition at 5 K was found to be 0.32 and
0.22up per fu. for x = 0 and 0.2, respectively. Considering
Néel’s collinear ferrimagnetic model of two sublattices, theore-
tical magnetization calculated as per the cation distribution is
found to be 4 and 3.2up per f.u. at 5 K for x = 0 and 0.2,
respectively, which is an order of magnitude higher than that
of My The significant difference in magnetization further
confirms the presence of non-collinear/canted spin structure.>
Moreover, M.« decreases from 0.32 to 0.22up per f.u. with
incorporation of Fe in the NiCr,O, lattice, which could be
understood based on the magnetic structure of NiCr,O, pro-
posed by Tomiyasu et al.'® It has been discussed that the B site
is divided into two sublattices, namely, B; and B,, with their
resultant moment antiparallel to the A site moment in
NiCr,0,. As can be observed from the EXAFS analysis, the Fe**
ions occupy the A site and replace an almost equivalent
amount of Ni*" jons towards the B site. Thus, for the moments
of B; and B,, which are antiparallel to the A site moments in
NiCr,0,, the moment due to B; sublattice aligns parallel to
that of A site and antiparallel to the moment of B, sublattice
when Fe is doped in NiCr,0,. One may estimate the net mag-
netization per formula unit expressed as M = 1A + 1B; — |B,,
where tA,1B4, and |B, are the longitudinal components of the
magnetic moments of A, By, and B, sublattices, respectively,
with respect to the applied field direction. For x = 0, while the
magnetic moment per formula unit is 4ug, for x = 0.2, the
magnetic moment reduces to 2.4up due to the replacement of
Ni** ions by Fe*" ions in the A site and occupation of the
replaced Ni** ions in the B, site. Moreover, M, .x estimated
from the hysteresis loop is almost an order of magnitude
smaller than that of the theoretical value. This clearly implies
that the spin configuration at the B site leads to a large frac-
tion of uncompensated spins, resulting in the enhancement of
non-collinearity of the spin structure, which corroborates well
with the linear increase in the magnetization along the virgin
curve. Fig. 15 shows the temperature dependence of coercivity,
H¢ = (|Hea| + |Hes|)/2, where He, and Hg, are coercive fields
corresponding to the descending and ascending branches of
the M(H) loop for x = 0 and 0.2. Below T, for the x = 0 sample,
H¢ increases with decreasing temperature down to 5 K, while
in the x = 0.2 sample, Hc increases to ~29 kOe with decreasing
temperature down to 50 K, followed by a decrease at 5 K to ~25
kOe. The temperature dependence of H¢ observed in x = 0.2 is
unexpected compared to the typical trend of H¢ with the temp-
erature reported in most of the magnetic materials.®® ®®
Further, we observed that with the incorporation of Fe in the
NiCr,0, lattice, a drastic increase in the maximum Hg from
~13 to 29 kOe when x increases from 0 to 0.2 is observed.
Interestingly, the H of 29 kOe observed in x = 0.2 is unusually

0 50 100 150
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200

Fig. 15 Temperature dependence of Hc for x = 0 and 0.2 below their
respective Tc.

high when compared to that of other spinel oxides and is com-
parable to that of rare-earth-based hard magnets.®®”’> A large
magnetocrystalline anisotropy due to the uncompensated
spins leads to such high H; and reduced My, when x
increases to 0.2.°” The presence of net uncompensated spins,
which do not rotate with the applied field of 70 kOe, are
expected to give rise to vertical magnetization shift and uni-
directional exchange anisotropy between the A and B sublat-
tices that consequently leads to asymmetric behavior of the
hysteresis loop, as observed in x = 0.2 under ZFC and FC con-
ditions (Fig. 14). No such asymmetric behavior of the hyster-
esis loop was observed for x = 0, which gives an evidence of
less H (Fig. 13). The asymmetric hysteresis loops are found to
shift towards the negative field and positive magnetization
axes with decreasing temperature below T, giving an indi-
cation of the conventional exchange bias (CEB) and spon-
taneous exchange bias (SEB) under FC and ZFC conditions,
respectively.'”'° Fig. 16 shows the temperature dependence of
Hcepses = (Hor + Hep)/2 and the vertical shift of magnetiza-
tion, AM"“FC = (M (+H) + Muma(—H))/2, where M. (+H)
and M,.x(—H) are the magnetization at the maximum applied
field of 70 kOe in the positive and negative direction, respect-
ively. As the temperature is lowered below Tc, Hcgp increases
and exhibits a local maximum of ~11 kOe at 90 K. On further
decreasing the temperature, at 50 K, Hcgp exhibits a minimum
followed by an increase in the Hcgp to ~26 kOe at 5 K. The
Hcgg of ~26 kOe is not only significantly larger than the pre-
viously reported Hcgg in similar spinel systems such as in x =
0.1 but is also comparable to extremely large Hcgg (~33 kOe)
reported in the Mn-Pt-Ga based Heusler alloy.'"”?
Interestingly, Hggp also exhibits a temperature-dependent be-
havior similar to that of Hegg and shows a maximum of 2.6
kOe at 5 K, which is an order of magnitude smaller than
maximum the Hcgg (~26 kOe). Similar to Hcgp/Hsgs, the
maximum AM"© of 0.13u5 per f.u. observed at 5 K is found to
be almost an order of magnitude higher than AM*"® (~0.013uy
per f.u.). Further, one can see clearly from Fig. 16 that the
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Fig. 16 Temperature dependence of (a) Hceg/ses (b) AMTS/ZFC and (c)

dMzec/dT for x = 0.2. Inset in panel (c) show the broad peak observed in
the dM/dT vs. T plot at about 70 K.

temperature dependence of AM"““*C shows a change in the

slope at 50 and 90 K, which corresponds well to the minimum
and maximum observed in the temperature dependent Hcgg/
Hggp. The drop in Hepp/Hsps and AMTY“FC at 50 K clearly
shows the evidence of Ts in agreement with the DNS analysis.
To understand this, the first derivative of Mrc with tempera-
ture (dM/dT) is shown in Fig. 16(c). Below T, dM/dT increases
with decreasing temperature, showing a broad peak nearly at
the same temperature where the Hggp/Hggg shows the
maximum (inset of Fig. 16(c)). The minimum in Hcgp/Hsep
corroborates with the minimum of dMm/dT, followed by an
increase at Tj. Although, the temperature dependence of Hcgg/
Hggp exhibits similar temperature dependent behavior as that
of dM/dT in both x = 0.2 and x = 0.1 (in our previous study),
the magnitude of Hcgp/Hsep is significantly enhanced in x =
0.2 compared to that of x = 0.1."' Moreover, similar to
Hepp/Hsgg, AMFC/“F€ is also increased more than twice as com-
pared to AM"/**C observed in x = 0.1."" As the magnitude
of exchange bias field is directly correlated to the number of
irreversible uncompensated spins at the B site providing
pinning force to the rotation of reversible spins at the A site,
almost two-fold increase in Hcgp/Hggg in x = 0.2 confirms the
presence of a large fraction of uncompensated spins at the B
site providing large pinning effect on the rotation of reversible
FM ordering at the A site. This clearly implies that uncompen-
sated spins play a vital role in the origin of exchange bias
effect. Further, we have investigated the change in the

exchange bias with the increasing number of cycles of hyster-
esis loop.

Training effect (T.E.) studies were performed by measuring
exchange bias under 30 kOe at 5 K after repeating the hyster-
esis loop 6 times. It is evident from Fig. 17 that H¢; (Fig. 17(b))
exhibits a significantly larger shift towards the positive field
axis compared to that of H¢, (Fig. 17(c)), which is a typical
feature shown by the exchange coupled system.” It indicates
that T.E. is mainly governed by the number of cycle depen-
dence of Hc;. A gradual decrease in the Hggp With subsequent
number of cycles is observed (Fig. 17). The % of T.E. is calcu-
lated as the relative decrease in Hcgg with an increasing
number of cycles as given below:

HéEB

ﬂ) % 100(%), 2)

HCEB

% of T.E. = (1

where H.p,,, is the exchange bias field of the n™ cycle.
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Fig. 17 (a) T.E. observed in x = 0.2 for a total number of six hysteresis
loops. Panel (b) and (c) show the shifting of descending and ascending
branches of the hysteresis loops, respectively, with the number of
cycles.
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Fig. 18 Number of cycles dependence of T.E. and AM™© for x = 0.2.
Inset shows the linear dependence of Hcgg over AMFE,

The % of T.E. and AM"® with the number of cycles is
shown in Fig. 18. One may notice that with an increasing
number of cycles, T.E. decreases gradually and attains the
value of 93.6% after the 1% cycle and 88.3% after the 6™ cycle.
Moreover, the decrease in % of T.E. between the first two
cycles is 6%, which is significantly larger than the difference
between the subsequent cycles, indicating faster rate of relax-
ation of magnetization. The % of T.E. has a similar decreasing
tendency such as AM"“ with the number of cycles. In the inset
of Fig. 18, a linear dependence of Hcgs on AM'C is observed.
This linear dependence of Hcgs on AM™C suggests that both
Hcgg and AM™C are strongly correlated to the decrease in the
number of frozen uncompensated spins upon field cycling. In
order to investigate the microscopic mechanism behind the
training effect, the Hcep as the function of number of cycles is
fitted with the following simple power law:

Hep(n) = Hep () + k/+/n. (3)

Here, « is the system-dependent constant and H,p(o0) is the
Hcgg in the limit of an infinite number of loops. In the fitting
of experimental data with eqn (3) shown in Fig. 19, the fitted
parameters Hep(oo) and x were found to be 22.29 + 0.04 kOe
and 3.65 + 0.08, respectively. From Fig. 19, one can clearly see
that eqn (3) does not fit the experimental data very well. The
possible reason could be the fact that eqn (3) considers only
the change in AFM magnetization while the effect of frozen
uncompensated spins at FM/AFM interface is neglected, which
could also modify the AFM magnetic anisotropy at the
interface.”>”* The modified AFM magnetic anisotropy leads to
the essentially two different components of uncompensated
AFM spins such as rotatable and frozen uncompensated AFM
spins, which are strongly exchanged coupled to the FM and
AFM layers, respectively. The frozen AFM component mostly
remains unchanged in a moderate field. But some of them
could also deviate at a sufficiently large applied field, resulting

O Experimental data
—  Fitting with eqn (3)
—— Fitting with eqn (4)

1 2 3 4 5 &6
No. of Cycles

Fig. 19 Number of cycles dependence of Hcgg calculated from each
hysteresis loop in x = 0.2. Experimental data are shown by the open
circle while the line and dash represent the phenomenological model
and simple power law, respectively.

in an irreversible change in the frozen uncompensated AFM
spins. Therefore, we expect that a phenomenological model,
which considers the modification in AFM anisotropy at the
interface, could fit our experimental data comparatively well.
In this context, we have fitted the experimental data with the
following multiple exponent expression, which considers the
modification in AFM anisotropy at the interface:"*”*

Hep(n) = Hep(00) + ke P14 ke /P, (4)

Here, k¢ and fr are the parameters related to the change of
the frozen spins, k; and f; are the parameters related to the
interfacial magnetic frustration. The k parameter has the
dimension of magnetic field (Oe) while  is dimensionless and
resembles the relaxation time. One may notice that the experi-
mental data are fitted well with the eqn (4), as shown in
Fig. 19. The parameters obtained from the best fit of experi-
mental data are Hep(o0) = 23.0.2 + 0.42 kOe, k¢ = 8.76 + 0.5 kOe,
Pr=0.61 + 0.05, k; = 2.14 + 0.15 kOe, and f; = 5.82 + 2.71. The
frozen uncompensated AFM spins at the interface appear to
relax at a significantly slower rate than the rotatable uncom-
pensated AFM spins, as expected.” The relaxation of the
frozen uncompensated AFM moments with the consecutive
number of cycles leads to irreversible changes in them; hence,
H¢gp decreases.

Conclusion

In summary, we found that decreasing the particle size to the
nanometer range in NiCr, ,Fe,O, (x = 0 and 0.2) suppressed
the cooperative Jahn-Teller distortion and consequently, a
stabilization of the high-temperature cubic phase (Fd3m) was
observed in bulk NiCr,O, at RT. Through XAFS analysis, we
demonstrated that the incorporation of Fe in the NiCr,0,4
lattice resulted in the redistribution of cations among the A



and B sites where Fe’" and Cr’" ions occupied the A and B
sites, respectively, while the Ni*" ions were distributed among
the A and B sites. The redistribution of cations led to the trans-
formation of the normal spinel structure in x = 0 to the mixed
spinel structure in x = 0.2. The effect of normal to mixed
spinel structure transformation on the magnetic properties
was analyzed through both magnetic measurements and DNS
with XYZ polarization analysis. The magnetic measurement
showed a significant enhancement in the T from 71 to 191 K
in agreement with the DNS analysis. Moreover, the DNS ana-
lysis clearly demonstrated the presence of Ts and 7 in both
the compositions, which were otherwise difficult to deduce
from the volume averaged magnetic measurements. While Tg
increased from 28 K to 50 K with the incorporation of Fe in the
NiCr,0, lattice, T; decreased from 10 K to 7 K. Besides the
enhancement in T¢ and Ts, a drastic increase in the Hg from
~13 kOe to 29 kOe with the incorporation of Fe in the NiCr,0,
lattice was observed. The giant Hg in x = 0.2 was ascribed
to the presence of large magneto-crystalline anisotropy
accompanied by uncompensated spins at the B site. Unlike the
bilayer exchange coupled systems, significantly large Hcgg and
Hggp of ~26 and ~2.6 kOe were observed in the single phase
for x = 0.2. The pinning effect of irreversible uncompensated
spins at the B site on the reversible spins at the A site was
ascribed to the development of unidirectional exchange bias
anisotropy and hence, high exchange bias was observed. The
training effect was detected in x = 0.2 and was explained using
the phenomenological model considering the role of irrevers-
ible uncompensated spins.
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