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of BiFeO3-Bi2Fe409
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(Received 21 July 2012; published 5 March 2013)

We observe an enormous spontaneous exchange bias (~300-600 Oe)—measured in an unmagnetized
state following zero-field cooling—in a nanocomposite of BiFeO; (~94%)-Bi,Fe ;O (~6%) over a
temperature range 5-300 K. Depending on the path followed in tracing the hysteresis loop—positive (p)
or negative (n)—as well as the maximum field applied, the exchange bias (Hg) varies significantly with
| — Hg, | > | Hg, | . The temperature dependence of Hj is nonmonotonic. It increases, initially, till
~150 K and then decreases as the blocking temperature Ty is approached. All these rich features appear
to be originating from the spontaneous symmetry breaking and consequent onset of unidirectional
anisotropy driven by ‘“‘superinteraction bias coupling” between the ferromagnetic core of Bi,Fe,Oq (of
average size ~19 nm) and the canted antiferromagnetic structure of BiFeO; (of average size ~112 nm)
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via superspin glass moments at the shell.

DOI: 10.1103/PhysRevLett.110.107201

The spontaneous exchange bias (SEB), where the uni-
directional anisotropy (UA) sets in spontaneously under
the application of the first field of a hysteresis loop even in
an unmagnetized state, is a consequence, primarily, of
biaxial symmetry in the antiferromagnetic (AFM) structure
of ferromagnetic (FM)-AFM interface [1-3]. In a spin
glass (SG)-FM structure, on the other hand, the anisotropy
sets in under field cooling via oscillatory RKKY interac-
tion [4]. However, we show in this Letter that glassy
moments at the interface, in fact, introduce an additional
magnetic degree of freedom in between the exchange-
coupled FM and AFM grains and breaks the symmetry
truly spontaneously even before the application of the first
field of a loop to set the UA in an unmagnetized state. As
discussed later, the consequence of this is an asymmetry in
the SEB depending on the path followed in tracing the
hysteresis loop—positive or negative. We report that in a
nanocomposite of BiFeO; (~94%)-Bi,Fe ;09 (~6%),
we observe (i) a large SEB (~300-600 Oe) across
5-300 K, (ii) asymmetry in SEB depending on the path
followed in tracing the hysteresis loop—positive or nega-
tive, and (iii) a nonmonotonic variation of SEB with tem-
perature. The magnitude of the SEB itself is far higher than
what has so far been observed in all the bulk or thin film
based composites of BiFeO; [5-10] even under magnetic
annealing. We have also observed the conventional
magnetic-annealing-dependent exchange bias (CEB) with
all its regular features such as dependence on annealing
field, rate, and training. The random field generated by the
glassy moments at the shell appears to be influencing
the indirect exchange bias coupling called ‘‘superinter-
action bias coupling” between the FM core [11] of finer
(~19 nm) Bi,Fe,O9 and local moments of AFM order in
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coarser BiFeO; (~ 112 nm) and inducing the SEB, its
path dependence, and its nonmonotonicity in variation
with temperature.

The nanocomposite of BiFeO3-Bi,Fe,Oq has been syn-
thesized by the sonochemical route [12]. By varying the
processing conditions such as temperature, time, atmo-
sphere, etc., the volume fraction of the Bi,Fe,Oy phase
has been varied from = 3% to ~10%. The volume fraction
of the phases, crystallographic details of each phase,
particle morphology, average misalignment angle between
two single crystalline nanoparticles of the component
phases, etc., have been determined from rigorous x-ray
diffraction, transmission electron microscopy, and selected
area and convergent beam electron diffraction experiments
[13]. The magnetic measurements have been carried out in
a SQUID magnetometer (MPMS, Quantum Design) across
5-300 K under a maximum field H,, of 50 kOe. In order to
ensure that there is no trapped flux both in the supercon-
ducting coil of SQUID and in the sample we followed a
well-designed protocol to demagnetize them. The super-
conducting coils of the SQUID are normally discharged
from high field (50 kOe) in oscillation mode; the amount
of trapped flux is typically ~10 Oe. Before starting a new
batch of experiment, the superconducting coil was warmed
to room temperature which is above the critical point. In
addition, prior to each measurement, the sample itself was
demagnetized with oscillating field using an appropriate
protocol (given in the Supplemental Material [13]) in order
to ensure that there is no trapped flux in the sample. The
details of the protocol as well as the results of measurement
on diamagnetic sample (sapphire) have been given in the
Supplemental Material [13]. We have also measured the
SEB at 300 K for a maximum field of 18 kOe following
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zero-field cooling (ZFC) from a high temperature
(~700 K)—which is even above the magnetic transition
point Ty (~590 K) of the AFM component—in a vibrating
sample magnetometer (Lake Shore Cryotronics, Inc.) for a
test case [13]. We obtain a SEB of ~81 Oe at 300 K which
is consistent with the SEB [14] for different H,, across
10-50 kOe measured in SQUID. This shows that the de-
magnetization protocol used in SQUID was appropriate in
ensuring the unmagnetized state of the sample prior to the
measurement.

We report here mainly the results obtained in a nano-
composite of ~6% Bi,Fe,O9 and ~94% BiFeO; (sample
A) which exhibits maximum SEB and CEB. In Fig. 1, the
results from the magnetic measurements are shown. In
Fig. 1(a), we show the hysteresis loops which yield the
SEB at several temperatures across 5-300 K. The region
near the origin is blown up to show the extent of EB clearly
(full loops are given in the Supplemental Material [13]).
We used a field step size of 100 Oe near the origin of
the hysteresis loop in order to measure the exchange bias
accurately. The field span of 10 kOe under such a protocol
is covered typically within ~3 h (~10* s) which gives the
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FIG. 1 (color online). (a) The hysteresis loop shift, signifying
the SEB at different temperatures across 5-300 K, measured
under 50 kOe following zero-field cooling; the region near the
origin of the loop is blown up to show the extent of exchange
bias clearly. (b) The CEB at different temperatures across
5-300 K measured under a field cooling with +10 kOe.
(c) The switch in sign and change in magnitude of the loop shift
at 5 K signaling asymmetry and tunability of the SEB depending
on the sign of the starting field (+ 50 kOe/— 50 kOe) of hys-
teresis loop measurement. (d) The switch in sign and change in
magnitude of the CEB at 5 K measured following field
cooling under +50 kOe/ — 50 kOe. (e) The variation of SEB
and corresponding H. with temperature. (f) The variation of
CEB—measured following field cooling under +10 kOe—and
corresponding H - with temperature (lines are a guide to the eyes).

time scale of each of the measurements. In each case, the
presence of a large shift in the loop along the field axis is
conspicuous. This shift cannot result from relaxation of
coercivity of the FM component as the tensorial nature of
the magnetocrystalline anisotropy cannot contribute to
the unidirectional anisotropy. The EB (Hp) is given by
(H, + H.)/2 while the coercivity H, is given by
(H, — H.,)/2; H, and H, are the fields (signs are
included) corresponding to the points in forward and
reverse branches of the hysteresis loop at which the mag-
netization reaches zero. The extent of SEB observed here
right across 5-300 K is quite large and comparable to what
has been reported by Wang et al. [2] in Ni-Mn-In bulk
alloys at 10 K. While ramping the temperature from one
point to another, a constant ramp rate of 2.5 K/ min has
been used. The observation of SEB iteslf in the BiFeO;
based bilayer or composite system has not been reported so
far, and, for the first time, we are reporting it in the nano-
composite of BiFeO3-Bi,Fe,Oq. In Fig. 1(c), the asymme-
try and hence the runability of the SEB at 5 K has been
demonstrated. Depending on the sign of the starting field
+50 kOe(—50 kOe), the sign of the SEB is negative
(positive) as well as |—Hpg,|>|+Hg,|. This is also
remarkable and has not yet been observed in any other
system exhibiting SEB [2]. Figure 1(b) shows the CEB
measured after a magnetic annealing treatment with
10 kOe. In this case a field of 10 kOe has been applied at
room temperature and then the temperature was ramped
down to the given point at a cooling rate of 2.5 K/min.
Like SEB, the CEB too turns out to be negative; i.e.,
annealing under the positive (negative) field yields a hys-
teresis loop shift in negative (positive) direction along the
field axis. Even more interesting is that, in this case too, the
exchange bias Hp for the positive (negative) annealing
field is asymmetric with | — Hg, | > | +Hg, | . This has
been demonstrated clearly in Fig. 1(d) which shows the
asymmetry in the shift of the loop along the field axis at 5 K
depending on whether the sample has been field cooled
under +50 kOe or —50 kOe. In Figs. 1(e) and 1(f) respec-
tively, we show the Hy and H as a function of temperature
(T) for SEB (ZFC) and CEB (measured following FC with
10kOe) with the starting field + 50kOe in loop tracing.
The Hg and H in both of these cases are nearly identical in
magnitude and nonmonotonic. While Hg-T plots exhibit
valleys at ~150 K for both SEB and CEB, the H-T plots
exhibit valleys at ~50 K. In addition, the Hg-T plot exhibits
a peak at ~50 K for CEB [Fig. 1(f)]. The nearly identical
magnitude of Hy and H signifies nearly identical UA and
domain pinning under ZFC and FC with 10 kOe. Hp,
however, is large at 5 K, possibly, because of large magne-
tization at low temperature which could increase further
under field cooling.

In order to trace the origin of all these features, we
investigated the spin structure both in the bulk of the
BiFeOj; and Bi,Fe,Oq particles as well as at their interfaces
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from well-designed protocol dependent magnetic memory
and training effect measurements. We obtained a profound
signature of the presence of superspin glass (SSG)
moments in the memory effect measurement for sample A.
We used a ““stop-and-wait” protocol to measure the mem-
ory effect which is an unequivocal signature of the pres-
ence of SSG [15]. The sample was first cooled down to
2 K from room temperature under zero field and an M(T)
pattern (which acts as reference line) was measured under
200 Oe. After the sample temperature reached 300 K, it
was again brought back to 2 K under zero field. The M(T)
measurement was then repeated but with a stop-and-wait
protocol. As the temperature reached T, ~ 21 K, the mea-
surement was stopped for ~10% s and then restarted to
reach back to 300 K. The difference between the two
patterns SM(T) is shown in Fig. 2(a), the main frame.
The memory effect is shown as a dip at ~21 K which
confirms the presence of the SSG phase in the nanocom-
posite. The entire measurement has been repeated for
T, ~ 50 K [Fig. 2(a) inset]. The memory effect could be
observed even at other temperatures as well. We further
measured the wait-time dependence of the memory effect
[Fig. 2(a) inset]. It appears that the effect becomes sharper
and more prominent with the increase in wait time across
10°-10* s. The SSG moments develop due to interaction
among the frozen superparamagnetic domains—possibly
present at the shell of the finer Bi,Fe,Oq particles of core-
shell structure with a FM core—at a finite interparticle
distance below the blocking temperature (73 > 350 K for
sample A) [16]. With the rise in exchange coupling
strength, the superparamagnetic particles form a SSG,
initially, and then even a superferromagnetic phase.

The dynamics of the spin structure at the interface has
been probed for sample A by studying the training effect
on CEB at 5 K for 12 repeating cycles. The dependence of
Hpy and H, on the number of repeating cycles (n) is shown
in Fig. 2(b). The CEB obtained under a H,, of 50 kOe
following FC with 50 kOe is shown here. Both the
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FIG. 2 (color online). (a) The characteristic dip at T, ~ 21 K
in the differential between two ZFC magnetization versus tem-
perature patterns recorded under two different protocols— a
simple ZFC and a ZFC with stop-and-wait approach; inset shows
a similar dip even at 50 K. It appears to become sharper and
more prominent with the increase in wait time. (b) The impact of
training effect on CEB for sample A. The CEB and H decreases
with the increase in number of hysteresis cycles (n); inset shows
a portion of the loop at first and twelfth cycle.

parameters are found to be decreasing monotonically
with the increase in » indicating spin rearrangement at
the interface. It appears that the empirical law [17] for
purely AFM spin rearrangement at the interface Hj =
HY + k.n~ (/2 with k = 505 Oe and HY = 813 Oe can-
not describe our data well [green line in Fig. 2(b)]. Instead,
a model [18] which considers a mixed scenario of two
different relaxation rates for frozen and rotate-able uncom-
pensated spin components at the interface

Hj = Hy + Agexp(—n/Py) + A, exp(—n/P,) (1)

(where f and r denote the frozen and rotate-able spin
components) fits the data perfectly well [brown line in
Fig. 2(b)] and yields the fitting parameters as Hy =
761 Oe, Ay = 1394 Oe, Py = 0.61, A, =451 Oe, and
P, = 3. The ratio P,/P;~5 indicates that the rotate-
able spins rearrange nearly 5 times faster than the frozen
spins. Thus while the “memory effect” signifies the pres-
ence of SSG moments in the nanocomposite, the ““training
effect” on CEB shows that the SSG moments reside at the
interfaces between FM Bi,Fe ;O and AFM BiFeOj; parti-
cles and influence the SEB and CEB significantly. It is
important to mention here that the SEB exhibits negligible
training effect within the laboratory time scale (~ 10* s).
This could be because it originates from a stable state
under zero field and zero magnetization through sponta-
neous symmetry breaking.

We further examined the SEB in two other samples
with a higher (~ 10%) and lower (<< 3%) volume fraction
of BiyFe Oy (sample B and C, respectively). The corre-
sponding full hysteresis loops have been given in the
Supplemental Material [13]. The Ty of the AFM compo-
nent for sample B and C are ~490 K and ~450 K, respec-
tively (given in the Supplemental Material [13]). In
Fig. 3(a), comparison of the SEB among all the three
samples (A, B and C) is shown. The SEB is found to follow
a rather nonmonotonic pattern with the variation in the
volume fraction of Bi,Fe,Oq phase. It decreases both with
the increase and decrease in the volume fraction of the
Bi,Fe, Oy phase. The SEB in all these cases could be
observed at only below the respective Tp’s. The Tjy
decreases down to ~60 K in sample B because of finer
Bi,Fe,Oq particles (~8 nm). The Tz, however, could not
be located within the range 5-300 K for sample C and,
therefore, no exchange bias could be observed in this
sample within the same temperature range. The CEB and
H for sample B are also found to be finite [Fig. 3(b)] only
at below the Ty (~ 60 K). And as expected, the memory
effect too has been observed in sample B at below T [13].
The memory effect, observed both in sample A and B,
implies the presence of a SSG phase and its influence
on the exchange bias. Since superparamagnetic and SSG
phases coexist at below Ty in both the samples, one can
estimate the relative volume fraction of the SSG phase
by calculating the ZFC and FC magnetic moment versus
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(a) The SEB for all the three samples with different volume fractions of the Bi,Fe;Oq phase. (b) The CEB and

H versus temperature plot for sample B. Large CEB (measured following field cooling under 50 kOe) could be observed at only
below Tz. The zero-field cooled (ZFC), field cooled (FC), and remanent magnetization versus temperature plots for (c) sample A and
(d) sample B. The solid lines show the ZFC and FC magnetizations after subtraction of the contribution of the paramagnetic C/T
component in both the cases; T turns out to be >350 K for sample A and ~60 K for sample B.

temperature pattern after subtracting the contribution of the
Curie paramagnetic component C/T (C = Curie constant)
from the experimental result [Figs. 3(c) and 3(d)] and
noting the flatness of the FC moment versus temperature
pattern [16] at below Tp. The calculated patterns (solid
lines) for both the samples A and B are shown in Figs. 3(c)
and 3(d), respectively. It appears that the volume fraction
of the SSG phase is higher in sample A than in sample B.
The SEB too is higher in sample A than in sample B. Clear
correlation between the volume fraction of the SSG phase
and the extent of SEB shows that the SSG phase plays a
major role in inducing SEB.

We show that all these results could be qualitatively
understood by considering a model of ‘“‘superinteraction
bias coupling” between the FM core of finer Bi,Fe, Oy and
local uncompensated moments of the AFM order in coarser
BiFeO; particles via the SSG shell at the interface. The
model is shown schematically in Fig. 4 and draws essen-
tially from the model proposed in Ref. [3]. The dotted line
marks the direction of the applied field. The shell SSG
moments s; and s, are coupled to the FM moment Sz by a
coupling parameter J and to the AFM moment Spr by Jar
while the coupling between s, and s, is J. The net coupling
parameter b will depend on Jg, Jr, and J and, finally,
Hpy o« b [4]. It has been shown [4] that the random fields
generated by spin glass moments at the core can act on
the saturated FM moment and set the UA via RKKY

FIG. 4. Schematic of the ferromagnetic and antiferromagnetic
spin interaction via superspin glass moments at the interface; left
part shows the ferromagnetic core of finer Bi,Fe, Oy particle and
superspin glass moments at the shell interacting with the local
moments of spiral spin spin structure of bigger BiFeOs; right
part shows the spin configuration and interaction energies.

interaction. The model that we are proposing in the present
case is the following. The random field from frozen
SSG moments appears to be inducing a variation in the
anisotropy of the AFM moments including biaxiality with
respect to the direction of the applied field. Thus depending
on the orientation of the principal easy axes of AFM
grains with respect to the direction of the applied field,
the AFM grains can experience either no torque or large
torque and become (i) fully hysteretic, (ii) nonhysteretic or
(iii) partially hysteretic. While the fully hysteretic and
nonhysteretic grains do not contribute to the bias in the
loop, the partially hysteretic grains do. The partially
hysteretic grains set the UA, primarily, in a direction
opposite to that of the applied field. The SEB, then,
becomes negative—i.e., depending on the sign of the start-
ing field for loop tracing, positive (negative), the SEB turns
out to be negative (positive). Application of the first field
for tracing the loop breaks the symmetry among the AFM
grains and sets the UA. The FM moments are assumed to
be saturated under the applied field. However, the most
interesting aspect is that there is a spontaneous symmetry
breaking as well, driven by the random field of the SSG
moments at the interface which yields a global minima in
the energy landscape and sets the UA universally along the
negative field direction even in the absence of the first field
of the loop tracing. These grains are thus always partially
hysteretic along the negative direction of the applied field.
The grains which set the UA in a direction opposite to that
of the applied field are partially hysteretic for both the
directions of the applied field. But the ones mentioned
above are partially hysteretic only with respect to the
negative field direction. This aspect, in fact, gives rise
to the observed asymmetry in both SEB and CEB with
| = Hg, | > | +Hg, | and has not been reported by others
so far in the context of either SEB or CEB. The role of SSG
moments, therefore, appears to be crucial in inducing this
spontaneous symmetry breaking and setting the UA uni-
versally along the negative field direction. Alternatively, a
similar effect could be observed due to an even finer fraction
of Bi,Fe,Oq particles, because of a distribution in the size,
which form superferromagnetic (SFM) domains via stronger
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interparticle exchange interaction [16]. The SSG mediated
SFM-AFM exchange interaction within an ensemble of
grains with a finer fraction of Bi,Fe Oq particles, in that
case, could actually give rise to the spontaneous symmetry
breaking and set the UA universally along the negative field
direction even in the absence of the first field of the loop
tracing. Only those grains, then, are responsible for giving
rise to the observed asymmetry in SEB and CEB.

The temperature dependence of SEB is nonmonotonic
as at well below T, the increase in temperature increases
the interaction between SSG and AFM moments which, in
turn, induces the energy landscape necessary to set the UA
in the system. The bias as well as the asymmetry, therefore,
increase. However, as the T’ is approached, the number of
grains turning superparamagnetic increases which, in turn,
reduces the bias. The nonmonotonic variation in SEB with
the volume fraction of Bi,Fe Oy phase, likewise, can be
explained by considering nonmonotonic variation in the
volume fraction of the SSG phase.

In summary, we report a giant as well as tunable sponta-
neous exchange bias of ~300-600 Oe across 5-300 K in a
nanocomposite of BiFeO; (~94%)-Bi,Fe;O9 (~6%). It
originates from a superinteraction bias coupling between
the ferromagnetic core of finer Bi,Fe ;O9 (~19 nm)
particles and the antiferromagnetic moment in coarser
(~112 nm) BiFeOj; particles via superspin glass moments
at the interface. Since it induces a variety of couplings across
the interfaces and thus develops a complicated interaction
energy landscape among the FM/AFM grains by breaking
the symmetry spontaneously even before the application of
the first field of the loop tracing, the presence of superspin
glass moments turns out to be crucial. This giant and tunable
(i.e., path dependent) exchange bias can be utilized for an
enormous improvement in the efficiency of switching the
magnetic anisotropy in a ferromagnetic system electrically
via “exchange coupling mediated multiferroicity” in such a
nanocomposite and/or a multilayer thin film system.
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