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Ferromagnetic BiFeO; nanocrystals of average size 11nm were used to form nanocomposites
(x)BiFeO5/(100 — x)NiO, x =0, 20, 40, 50, 60, 80, and 100 by simple solvothermal process. The
ferromagnetic BiFeO; nanocrystals embedded in antiferromagnetic NiO nanostructures were
confirmed from X-ray diffraction and transmission electron microscope studies. The modification
of cycloidal spin structure of bulk BiFeO5; owing to reduction in particle size compared to its spin
spiral wavelength (62nm) results in ferromagnetic ordering in pure BiFeO; nanocrystals. High
Neel temperature (Ty) of NiO leads to significant exchange bias effect across the BiFeO3/NiO
interface at room temperature. A maximum exchange bias field of 123.50e at 300K for x =50
after field cooling at 7 kOe has been observed. The exchange bias coupling causes an enhancement
of coercivity up to 2350e at 300K. The observed exchange bias effect originates from the
exchange coupling between the surface uncompensated spins of BiFeO; nanocrystals and NiO
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nanostructures. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861140]

. INTRODUCTION

Nanocomposite consisting of at least one material in
nanometer scale is a very attractive and fascinating class of
system to tune the physical properties of constituent compo-
nents. The synergetic effect leads to unusual phenomenon not
originally observed in individual component. Nanocomposite
constitutes interface along the boundary of each material pro-
viding an effective medium based on interfacial interaction.
The ferromagnetic (FM)/antiferromagnetic (AFM) interface
results in exchange bias (EB) effect, which was first observed
by Meiklejohn and Bean in 1956. This novel phenomenon
opens up a new branch of research in magnetic materials.'
Structural discontinuity and mismatch of spin alignment
across the interface give rise to complex magnetic exchange
interaction at the interface.> The EB effect has enormous
applications in spintronics and high density data storage
devices.*” The EB phenomenon arises from the FM/AFM
interface as it is cool down from above the Neel Temperature
(Ty) of the AFM in the presence of an external magnetic
field.? The ordered AFM spins couple with the FM spins at
the interface below Ty in the presence of external magnetic
field, which results in unidirectional exchange anisotropy.
This additional anisotropy manifests in the form of shift in the
hysteresis curve along the magnetic field axis. The magnitude
of shift along the magnetic field axis actually quantifies
exchange bias field (Hgp), which mainly depends on the direc-
tion and magnitude of the cooling magnetic field, volume or
thickness of both FM and AFM materials, anisotropy energy
of the AFM, and the nature of interaction between the FM and
AFM spins at the interface.®” Fabrication of interface in lay-
ered FM and AFM materials is generally done by costly
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equipment and complicated procedure.'™'" Interface can be
generated in core (FM or AFM)-shell (AFM or FM) nano-
structures through complex chemical process.'? The formation
of composite is an efficient way for fabricating interface by
dispersing one magnetic phase into another leading to
enhanced proximity effect across the interface.'>'* The com-
posite in the nanoscale regime creates a larger number of
interfaces due to higher number of surfaces thereby enhancing
the EB effect.'” The surface spin structure of nanoscale AFM
and FM materials plays an important role in controlling the
interfacial exchange strength, which ultimately affects the EB
effect.

A suitable combination of FM and AFM materials is
necessary to generate significant amount of Hgpz at room
temperature. Bismuth ferrite (BiFeOs;) and nickel oxide
(NiO) are most interesting systems due to their novel mag-
netic properties. Simple NaCl type cubic structure and high
Ty (~523K) of bulk NiO indicate a possibility of exchange
coupling at room temperature. The spins in NiO are ferro-
magnetically coupled within the (111) planes, whereas the
spins of alternating (111) planes are coupled antiferromag-
netically.'® High magnetic anisotropies both perpendicular
and parallel to (111) planes (K, =3.3x10°J/m’ and
K;=33 J/m?, respectively) fulfil one of the criteria for EB
effect.'® Earlier studies show that NiO nanostructures exhibit
large coercive fields and high susceptibility at low tempera-
ture due to surface anisotropy.'’”'® The appearance of EB
effect in NiO nanostructures is interpreted in terms of mag-
netic core-shell model, where the core acts as AFM and the
shell behaves as uncompensated surface spins.””

The multiferroic oxide BiFeO3; (BFO) is a basic G-type
antiferromagnetic material having rhombohedral R3C sym-
metry with Ty ~ 643K and ferroelectric curie temperature
(Trg) ~ 1103K indicating a possibility for multifunctional
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applications.?** The modulated spiral spin structure of bulk
BFO has a wavelength of 62nm.”?>2® BFO nanocrystals or
nanowires having dimension comparable or smaller than its
spin spiral wavelength reveal weak ferromagnetic behavior
due to uncompensated surface spins and partial destruction
of spin spiral structure.”’*® There were several reports on
EB effect in BFO thin films where BFO had been used as an
AFM material. ' Unusual EB effect has also been
observed in pure and doped BFO nanocrystals due to two
dimensional dilute AFM shell and AFM core.”>** The obser-
vation of EB phenomenon using BFO as FM material is very
scarce. However, the appearance of strong ferromagnetic
phase in BFO nanocrystals signifies the novelty in EB effect.
The most attractive feature of both BFO and NiO is the
observation of EB effect due to spiral spin structure and
uncompensated surface spins. The coupling among the
uncompensated surface spins at the interface of composite
may lead to prominent EB effect at room temperature. These
features triggered us to synthesize BFO/NiO nanocomposite
and study the magnetic property of their interface at room
temperature. In this work, we present a detailed temperature
and field dependent magnetization and EB effect specially at
room temperature by varying the compositional ratio of FM
component in nanocomposites. Incorporation of BFO nano-
crystals of average size around 11nm into the NiO matrix
gives a reasonable high EB value of 123.50e at 300K. A
reasonable vertical shift in positive direction of
0.095 emu/gm at 300K has also been observed.

Il. EXPERIMENT

All the chemicals and solvents were of analytical grade
and used without further purification. Nanocomposite
(x)BiFeO5/(100 — x)NiO with x =0, 20, 40, 50, 60, 80, and
100 were synthesized via two step solvothermal process: (i)
synthesis of pure BiFeO3 nanoparticles and (ii) dispersing the
as prepared BiFeO3 nanoparticles into NiO matrix. The precur-
sor solution used in synthesizing pure BiFeO; nanoparticles
was prepared by mixing Bi(NOs3);-5H,O and Fe(NOs);-9H,O
with 1:1.2 molar ratio into a mixed solvent of deionized (DI)
water and ethylenediamine (4:1) under constant magnetic stir-
ring for 3 h. An aqueous solution of 0.3N NaOH was prepared
separately and added to the above precursor solution. The re-
sultant solution was further stirred for another 2h and was
transferred to teflon lined steel chamber filled to 80% of its
volume. The chamber was then closed and placed inside a pre-
heated box furnace at 180 °C for 20 h. The crystalline brownish
powder obtained after the reaction was collected by centrifuga-
tion and thorough washing with DI water and ethanol. Finally,
the sample was dried under vacuum condition.

(x)BiFeO3/(100 — x)NiO nanocomposites were prepared
by dispersing as synthesized BiFeO3 nanoparticles in appro-
priate amounts into the precursor aqueous solution of
Ni(CH5COO),-H,0. After 1.5h of dispersion, separately
prepared aqueous solution of 4mM CHy4N,O (Urea) was
added to the precursor solution. The resultant solution was
then transferred to teflon coated steel chamber filled until
80% of its volume. The chamber was then closed and placed
inside a preheated box furnace at 180 °C for 16 h. Crystalline
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blackish-brown powders were collected by centrifugation
and thorough washing with DI water and ethanol at the com-
pletion of the reaction. The product was finally dried under
vacuum condition for 24 h.

The crystalline phases of the samples were determined
by high-resolution X’Pert Pro Panalytical X-Ray diffractom-
eter with Cu Ko radiation (1 =1.54 A). Microstructural anal-
ysis was performed by transmission electron microscope
(TEM) and high resolution transmission electron microscope
(HRTEM) using JEOL 2010 instrument. Temperature de-
pendent magnetization-magnetic field (M-H) measurements
for all the samples were carried out using Vibrating Sample
Magnetometer (Lakeshore 7404). Differential scanning calo-
rimetry (DSC, Perkin Elmer) of the sample was carried out
to study the magnetic transition temperature.

lll. RESULTS AND DISCUSSION

Individual phases of nanocomposite were identified by
X-ray diffraction. Figure 1 shows the room temperature X-
ray diffraction patterns for (x)BiFeOs/(100 — x)NiO (x =0,
20, 40, 50, 60, 80, and 100). The diffraction peaks of pure
NiO (x=0) exhibit (111) and (200) characteristic peaks of
NaCl type crystalline NiO (matched to JCPDS File No. 78
0429). The diffraction pattern for pure BFO (x = 100) shows
all peaks corresponding to the reflections from (012), (104),
(110), (006), (202), (024), (116), and (018) planes of rhom-
bohedral BiFeO; (JCPDS File No. 71 2494) with space
group R3c. The evolution and presence of characteristic
peaks of NiO and BiFeO; confirm the formation of
nanocomposite.

Figure 2 shows the TEM images of the (x)BiFeO3/(100
— x)NiO nanocomposites with x =0, 50, and 100. Figure
2(a) gives the network like structures of the pure NiO
(x=0). The parallel fringes as seen in HRTEM image in
Fig. 2(b) give the lattice spacing of about 0.21 nm corre-
sponding to (200) plane of cubic NiO phase. The FFT pattern
shown in the inset of Fig. 2(b) also indicates the same plane
of NiO. The cross fringes in the HRTEM image and diffused
FFT pattern appear due to the network like structure of NiO.
Figure 2(c) shows the TEM image of the sample for x = 100,

Q s
-
- —~ = a —~ —_ (=3
e 2 = s S e =2
- I S Q S = = =
_ S =~ = S &
x= 100~ €] . S S
&
x= 80

x= 60

x= 50
) x=40 “ )\ A H A
AXx= 20 ﬂ A“ A Ha R

x=0 =

Intensity (arb. unit)

20

(

20 50 60

40
20 (in degree)

FIG. 1. Room temperature X-ray diffraction for (x)BiFeO5/(100 — x)NiO,
x =0, 20, 40, 50, 60, 80, and 100.
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FIG. 2. TEM and HRTEM images of (x)BiFeO3/(100 — x)NiO (a) low reso-
lution image of x =0, (b) high resolution image of x =0 inset shows FFT
patterns, (c) low resolution image of x =100, inset shows high resolution
image, (d) low resolution image of x =50, (e) high resolution image of
x =50, and (f) locations of moire like patterns for x = 50.

i.e., pure BFO nanocrystals of average size ~11 nm. The cal-
culated lattice spacing of 0.29nm from HRTEM image of
BFO nanocrystal shown in the inset of Fig. 2(c) confirms the
(110) plane of BiFeO;. Figure 2(d) reveals the interface of
the nanocomposite for x =50. The white arrows highlight
the BFO nanocrystals embedded in the NiO matrix. The
HRTEM image for x =50 (Fig. 2(e)) presents a clear con-
trast in boundary showing the phase segregation of BFO
with the plane (110) observed on the inside and NiO plane
corresponding to (200) seen on the outside. A high concen-
tration of Moire like patterns as indicated by white arrows in
Fig. 2(f) is also observed, which we believe to have formed
by the frustrated growth of NiO on BFO nanoparticles. This
is similar to the amorphous structural defects arising due to
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breaking of bonds and chemical intermixing across the inter-
face as observed in earlier studies.**° This may also be sup-
ported by the presence of branched and spherical or round
edges of NiO particle, which shows similar features of a non
equilibrium growth (e.g., Laplacian growth).

To understand the formation of the particular network
structure of NiO, a growth mechanism from aggregation, i.e.,
Ostwald step rule’’ in the solution can be summarized as fol-
lows. In the experimental solution of urea and Ni(CH3COO),
(pH ~ 8), hexaaquo Ni*" ion [Ni(H,O)s >"] predominates
than the other ions. The formation and edge-on condensation
of tetramer from these ions at the high temperature nucleate
the «-Ni(OH), single layer structure.®® Therefore, the initial
precipitation provides numerous Ni(OH), nucleation centers.
Due to the anisotropy of «-Ni(OH), crystals, the growing point
of each crystal is located along certain directions, so network
like structures were formed. As the reaction proceeds, the
«-Ni(OH), phase was completely transformed to the pure
phase NiO. For the case of the BFO/NiO composites, the BFO
nanocrystals present in the experimental solution were embed-
ded in the «-Ni(OH), layer structures during nucleation. So
network like (x)BiFeOs/(100 — x)NiO nanostructures were
finally obtained.

Figure 3 shows room temperature (T =300K) 7 kOe
field cooled (FC) magnetization-magnetic field (M-H) curves
for x =0 and 100, respectively. The hysteresis curve (FC M-
H) as in Fig. 3(a) for x =0 (pure NiO) shows basic antiferro-
magnetic behavior with loop not saturating at 11 kOe of
applied magnetic field. A shift of 30 Oe along the negative
field axis at T=300K is shown in the lower inset of Fig.
3(a). The observed hysteresis loop shift is defined as EB.
Mathematically, the EB field (Hgg) and coercivity (H¢) for
shifted hysteresis loop can be expressed as Hgp=-(H¢
+He)/2 and He = (Hey — Hes)/2. Hey and He, are points
where the hysteresis loop intersect magnetic field axis. A
shift of 30 Oe along the magnetic field axis for x = 0 may be
attributed to the exchange coupling between uncompensated
surface spins of NiO nanostructure and the spins of AFM
core.? The DSC result in the temperature range of 300K to
550K for pure NiO is shown in the upper inset of Fig. 3(a).
A kink like anomaly is observed at around 400 K of tempera-
ture indicating a second order magnetic phase transition for
pure NiO.* The Neel temperature (Ty) for pure NiO as
determined from DSC is around 400 K, which is much lower
than its bulk value (523 K).16 The reduction in size from

FIG. 3. Field cooled (7 kOe) M-H
curves for (x)BiFeO3/(100 — x)NiO (a)

= x =0 (upper and lower insets show the
differential scanning calorimetry ther-
mogram and magnified M-H loop,
respectively) and (b) x=100 (inset
shows the magnified M-H curve).

= ®)
E.‘}'o‘ 40028 K 24
0245« x= 100
—_~ El.oa ~
E ;0.98 E l_ T= 300 K
%00'1- e x=0 %JJ
N 0 T=300K| £
N U 0.030- — ~— Y ]
E 0.015 T;‘;MK / E g”os o
£0.14 g i
g : y 1 - g-l- S, i -
=
S,,] w7 s L //
° =
X -2+ -1
03 (a) % Miganetic Field (K0e) % Mdanetic Field (KGe)
-12 - 12 -12 -8 12

-4 0 4 8
Magnetic Field (kOe)



013906-4 Chakrabarti et al.
0.6 (a) 1.24(b)
== Zero field cooled |—m— Zero field cooled
’g —e— Field cooled @ 7 kOe —_ |—e— Field cooled @ 7 kOe
%00.3- =20 ED 0.64 .~ 40
g T=300 K = T=300 K
g £
Z0.0 200 -
g .| s g,
§-0.3 - L4 S-0.64 20
= L
-
-0.64 h . . | s u;i'iiéﬁ.ené" “Ee:d (iDe) "’:' -1.24 O Naanetic Field (k0e) "'
2 8 -4 .0 4§ 12 a2 84 .0 4 8§ 12
Magnetic Field (kOe) Magnetic lgleld (kOe)
J 2
1.6 © )
—m= Zero field cooled == Zero field cooled
—_ —8— Field cooled @ 7 kOe ’é\ |—e— Field cooled @ 7 kOe
&% x=s0 %"1' x= 60
E T=300 K g T=300 K
D 0.0 \9/ 0
:’ - ~ - v e
s g‘hzs e . %) E‘h,zs
S8 == =11 7
E E 0.35 E§u.zs /
g .5 0504 -
16 T N T o MisheitTa i

2 8. 4 .0 .4 8 12
Magnetic Field (kOe)
2.4
(e
—a=— Zero field cooled
—_ =8~ Field cooled @ 7 kOe
g 1.24
20 x= 80
B {T=300K
£
200 -
= g [
o 200.25-
£ H // //
S-1.2- 2"
z
S %n.zs
s
0. +
54 %0 Nagnetic Fleta (D) ")

-8 -4 0 4'1 é
Magnetic Field (kOe)

bulk to nanoscale regime in NiO actually weakens the mag-
netic exchange interaction, which results in lowering of Th.
The M-H curve for x = 100 as shown in Fig. 3(b) reveals
ferromagnetic behavior without any loop shift (as shown in
the inset of Fig. 3(b)) along the magnetic field axis. The
observed ferromagnetic ordering in pure BFO nanocrystals
mainly occurs due to reduction in particle size as compared
to the wavelength (62 nm) of spiral modulated spin structure

140 250
(a) ®
1204 -s- Exchange Bias (HEB)
-e- Coercivity (HC) / \ L 200
"2 1004
S &
£2 804 150~
= =}
= e
60
/ 100
404 pe
204— T T 50

0 20 40 60
Concentration of BFO (x)

80

-12

8 4. 0 4
Magnetic Field (kOe)

12

0.10
®) .
T=300 K

Bl

£, 0.08-

3

g °

L °

= 0.06+

=] °

0.04 o

20 40 60 80

Concentration of BFO (x)

J. Appl. Phys. 115, 013906 (2014)

FIG. 4. Zero field cooled and 7 kOe
field cooled M-H curves at T=300K
for (x)BiFeO3/(100 — x)NiO (a)
x=20, (b) x=40, (c) x=50, (d)
x =60, and (e) x = 80. Insets show the
magnified M-H curves in the low mag-
netic field region for all samples.

of bulk BFO.?”*® The observed saturation magnetization
(Mg) of 2.2 emu/gm at T=300K and H =7 kOe is consistent
with previous report predicting an increase in Mg with
decreasing size of BFO nanocrystals.”® Almost saturating
magnetization curve, finite coercive field, and increment in
Mg support the ferromagnetic phase in BFO nanocrystals.
Size reduction leads to destruction of spin spiral structure
favoring ferromagnetic alignment of spins. Ferromagnetism

FIG. 5. Variation of (a) exchange bias
field (Hzp) and coercivity (H¢) and (b)
vertical shift (AM) with FM ratio (x)
for (x)BiFeO3/(100 — x)NiO at
T=300K.
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FIG. 6. Dependence of Hgp with cooling field (H.,,,) for (x)BiFeOs/(100
—x)NiO, x=50 at T=300K.

in BFO nanocrystals may also arise due to cation and oxygen
vacancies.***! The observed M-H curve is symmetric about
the zero magnetic field axis as observed in the inset of Fig.
3(b). The EB effect in magnetic nanoparticles arises due to
co-existence of different magnetic phases of core and surface
spins. Single ferromagnetic phase in BFO nanocrystals
thereby supports the absence of EB phenomenon.

Figure 4 shows zero field cooled and 7 kOe field cooled
magnetic hysteresis curves for x =20, 40, 50, 60, and 80 at
300K of temperature. The insets of Figs. 4(a)-4(e) show
magnified M-H curves in the low magnetic field region. The
ZFC M-H curves for all compositions indicate symmetric na-
ture about the magnetic field axis thereby revealing no EB
effect. The FC process causes a negative horizontal shift
along the magnetic field axis. When the samples are cooled
down from Ty of NiO in the presence of external magnetic
field, the AFM spins residing next to the FM spins at the
interface arrange along a specific direction. Below Ty, the
AFM spins at the interface of FM/AFM structure exert mi-
croscopic torque on the FM spins thereby keeping them in
their original direction. As a result of it, higher magnetic
field is required to reverse FM spins causing a shift along the
magnetic field axis.” In addition to the horizontal shift along
the magnetic field axis, a positive vertical shift along the
magnetization direction is also observed for all the samples.
The vertical shift (AM) is defined as the difference in satura-
tion magnetization between the hysteresis loop in FC and
loop centered about the magnetization axis. The maximum
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value of AM is 0.095 emu/gm for x =50. Positive vertical
shift along the magnetization axis occurs if the number of
magnetic moments in either FM or AFM layer at the inter-
face remains uncompensated due to the proximity of the
other layer.*> The orientation of the magnetic moments can
be parallel or antiparallel with respect to the FM layer
thereby resulting in vertical shift of the hysteresis loop. The
vertical shift in positive direction may arise due to direct
exchange mechanism, whereas a shift in negative direction
arises due to indirect exchange mechanism of the uncompen-
sated magnetic moments.*® A positive vertical shift (AM) for
the present case reveals the existence of pinned uncompen-
sated AFM (NiO) spins. These uncompensated spins are
pinned along the field direction during the FC magnetization
process thus cannot be rotated causing vertical shift.** Also,
positive vertical shift suggests a direct exchange mechanism
of these uncompensated pinned spins.** To gain further
knowledge about the EB phenomenon for the present sam-
ples, we performed temperature and FM (BFO) ratio (x) de-
pendent study of EB, coercivity (H¢), and AM in the
following paragraphs.

Figure 5(a) shows the dependence of Hgp and Hc (calcu-
lated from the FC M-H) on the ferromagnetic (BFO) compo-
sition ratio x of the nanocomposites at 300 K of temperature.
The value of Hgp increases with x showing a maximum
value of 123.50e for x =50 and decreases thereafter with
further increase of x. The increase of Hyp with x until x =50
suggests a strong exchange coupling between BFO and NiO.
For x < 50, the BFO nanocrystals are present in small quan-
tity in NiO matrix in an isolated manner thereby increasing
the exchange coupling with NiO.*> Beyond x = 50, the BFO
nanocrystals are coalesced to form isolated FM clusters
thereby reducing the interfacial exchange coupling and
results in decreasing Hgp. The inverse proportionality rela-
tionship between Hgp and thickness of FM materials (Hgp o
1/tr) is a well established fact.” The formation of clusters
from BFO nanocrystals beyond x = 50 results in increase of
effective FM thickness thus decreasing the Hgg. He also fol-
lows similar behavior as that of Hgg, increasing at first until
x =50 and decreasing thereafter. The relative phase compo-
nent of FM and AFM in nanocomposite plays a vital role in
determination of magnitude of EB and coercive fields.

Figure 5(b) shows the composition dependence of AM
at T=300K. AM also follows similar pattern as observed in
Hzp and He. The decrease of AM beyond x = 50, which acts

140 "
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TABLE 1. Parameters Neel temperature (Ty;, Ty2, and Ty3) and exponent (f3, o, and ) obtained from fitting the Hgp, AM, and AH with temperature for all

compositions using Egs. (1), (2), and (3).

X Ty (K) B Taz (K) o T3 (K) Y

x=20 400.73 = 1.48 1.04 £0.04 400.51 = 1.13 1.03 £ 0.03 400.26 = 0.16 1.06 £0.02
x =40 400.03 £1.13 0.70 = 0.06 400.21 = 1.77 0.83 =£0.07 400.12 £ 1.11 0.71 £0.06
x =50 400.77 £ 3.08 0.88 = 0.09 400.31 £ 1.76 0.85 = 0.06 400.04 £0.14 0.86 = 0.01
x =60 400.01 £0.93 0.67 = 0.05 400.01 = 1.01 0.70 = 0.05 400.10 £0.74 0.67 £0.04
x=280 400.24 +1.83 0.81 =0.06 405.88 +=5.88 1.34 £0.33 400.18 = 1.32 0.82 = 0.05

as a percolation limit may be attributed to the formation of
FM clusters from BFO nanocrystals. Thus, high proportion
of FM phase decreases the value of AM beyond x = 50.¢

Figure 6 shows the dependence of Hzp on cooling field
(Hepor) for x=50 at 300K of temperature. Hyp increases
with the increase of H,,,;. The increase in cooling field leads
to an enhancement of the alignment of FM moments along
the preferential direction thereby reducing the effect of aver-
aging of anisotropy due to randomness. The uncompensated
AFM spins at the interface also align along the direction of
the cooling field due to exchange coupling with FM spins.
Thus, with the increase in cooling field more uncompensated
AFM spins tried to align along the field direction thereby
resulting in an increase of Hpp.t

Figure 7(a) shows the dependence of Hyz on tempera-
ture for x =20, 40, 50, 60, and 80. The EB effect is generally
observed below Ty in an FM/AFM interface with Curie tem-
perature (T¢) > Ty at high magnetic field. Thus, FM region
attains almost saturation magnetization and hence there is no
domain wall motion. The magnetic properties of FM compo-
nent ideally remain independent of temperature. The main
contribution of FM is to couple with the moments in AFM
region leading to a thin ferromagnetic layer above Ty. The
dynamics of AFM domain wall with temperature actually
determines the temperature dependence of the parameters
(Hgg, He, and AM as defined earlier) related to EB phenom-
enon. The thermal behavior of exchange bias parameters is
generally derived from the temperature dependence of ani-
sotropy and exchange stiffness constants of AFM. The do-
main wall energy is dependent on the anisotropy and
stiffness constants and is an important quantity to describe
the exchange parameters as a function of temperature. The
domain wall energy approaches to zero at Ty due to the dis-
appearance of AFM order. The combination of AFM domain
wall energy and interfacial energy stabilizes a magnetic state

at a particular temperature. The minimization of total energy
consisting of interfacial coupling and antiferromagnetic do-
main wall energy gives rise to a power law behavior in tem-
perature.*®* The ratio (r) of interfacial exchange to domain
wall energies determines the value of the exponent. The
exchange anisotropy increases continuously for r >1 with
decreasing temperature, which is consistent with the present
observation as shown in Fig. 7(b). Hgzp becomes zero at Ty
of NiO as the spins participating in EB phenomenon loses its
AFM ordering beyond Ty. The temperature dependence of
Hp can be fitted by using the expression

Hes(T) = A(1 = T/Ty), (1)

where A is a constant, Ty is the Neel temperature obtained
from fitting, and £ is the exponent as shown in Fig. 7(b) for
x = 50. The best fitted values for all compositions are shown
in Table I. The values of Ty, obtained from fitting closely
resemble the experimental Ty of NiO obtained from DSC.

Figure 8(a) shows the temperature dependence of AM
for all the samples. AM also follows a similar trend as Hgp
with temperature. The drastic decrease of AM with increase
of temperature suggests the weakening of exchange
coupling at the interface due to the rise in temperature. The
increase in temperature leads to increase in randomness of
NiO spins thereby weakening the exchange coupling
strength at the interface. AM also follows similar power
law behavior with temperature. The expression used to fit
AM with temperature is

AM(T) = B(1 = T/Tyz)", 2)

where B is a constant, Ty, is the Neel temperature obtained
from fitting, and « is the exponent as shown in Fig. 8(b) for
x =50. The best fitted values of the parameters are shown in
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FIG. 8. Dependance of (a) AM with
temperature for (x)BiFeOs/(100 —
x)NiO, x =20, 40, 50, 60, and 80 and
(b) fitted AM Vs temperature for
(x)BiFeO5/(100 — x)NiO, x =50.
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Table I. The estimated values of Ty, from the fitting are very
close to the actual Ty of pure NiO derived from DSC result.

Figure 9(a) shows the variation of Hs with temperature
for x =20, 40, 50, 60, and 80. The values of H are calcu-
lated from field cooled M-H curves. A decrease in He with
increase in temperature is due to the fluctuation of spins and
reduction in the exchange coupling between BFO and NiO.
The magnitude of H- (H-(FC)) in field cooled process is
larger than the He (H-(ZFC)) in zero-field cooled process.
The enhancement in He may be attributed to the additional
unidirectional anisotropy due to the exchange coupling
between BFO and NiO at their interface. This increment in
He, AHe = HA(FC) — H(ZFC) becomes 0O at the Ty of
NiO. Hence, the temperature dependence of AHc is fitted
using the following power law:

AHc = C(1—T/Tys)", 3)

where C is a constant, Ty; is the Neel temperature of NiO
obtained from fitting, and y is the exponent as shown in Fig.
9(b) for x=50. The best fitted value of the parameters is
shown in Table 1. The obtained value of Ty; closely resem-
bles the Ty for NiO obtained previously from DSC result.
The power law behavior to describe the temperature varia-
tion of exchange parameters has also been observed in FM
and AFM heterostructure. %>

The dependence of Hgp with AM is shown in Fig. 10 for
x = 50. The linear behavior between Hyz and AM indicates
that both are inter-related and have the same origin. It also

1204 O Experimantal
{ = Fitted

§x=50

0.04 006 008

AM (emu/gm)

0.02 0.10

FIG. 10. Hgz Vs AM for (x)BiFeO3/(100 — x)NiO, x = 50.

implies the fact that the number of moments participating in
exchange bias effect is equal to those responsible for the
appearance of vertical shift in hysteresis curve.***’

IV. CONCLUSION

Simple solvothermal technique has been utilized in
order to synthesis BFO nanocrystals and BFO/NiO interfa-
ces. The dispersion of BFO nanocrystals into NiO matrix
leads to an enhancement of Hgp as compared to pure NiO
due to increase in exchange coupling at the interface. The
maximum value of exchange field of 123.5 Oe and coercivity
of 235 Oe are observed for equal concentration of BFO and
NiO (50:50) in nanocomposites. The positive vertical mag-
netization shift for all compositions supports the existence of
direct exchange interaction among pinned and uncompen-
sated spins of NiO and BFO nanocrystals across the inter-
face. Strong exchange coupling and discontinuity in the
crystal structure across the interface lead to interesting mag-
netic property in the nanocomposite. Moreover, a moderate
value of Hyp and H¢ at room temperature makes the nano-
composite an interesting and attractive for various multifunc-
tional nanodevices operating at room temperature.
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