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An exchange bias (EB) effect was observed in mixed valent La,Ba;_,FeO; (x = 0.125, 0.25, 0.33) perovskites
exhibiting the antiferromagnetic (AFM) helical order among Fe** ions coexisting with the ferromagnetic (FM)
cluster phase in the ground state. The La** ions for Ba®* site substitution, associated with increase in number
of the AFM coupled Fe3* - Fe** pairs as well as some Fe** - Fe** pairs, leads to strengthening of the AFM
phase and consequently to the alteration of the EB characteristics, which depend on level of the La doping x.
At low doping x < 0.25, an abnormal dependence of the EB field, Hgg, on the cooling field, H.,, was found.
The Hgg increases rapidly with increasing cooling field at low H.,o, but it falls suddenly at cooling fields higher
than 20 kOe, reducing by an order of magnitude at 90 kOe. The suppression of EB is caused by the field-induced
increased volume of the FM phase, due to the transformation of the AFM helical spin structure into the FM
one. Thus, low-doped La, Ba;_,FeO3; demonstrates a competition of two alternate cooling-field-induced effects,
one of which leads to the EB anisotropy and another one to the enhanced ferromagnetism. In contrast, the
x = 0.33 sample, having a strong AFM constituent, shows no field-induced FM and no drop in the EB field.
Accordingly, the Hgp vs H,o, dependence was found to be well explained in the framework of a model describing
phase-separated AFM-FM systems, namely, the model assuming isolated FM clusters of size ~4 nm embedded

in the AFM matrix.

DOI: 10.1103/PhysRevB.95.134428

I. INTRODUCTION

BaFeOj; is a representative of an exceptional class of per-
ovskite oxides, MFeO3; (M** = Ca, Sr, Ba), which contains
iron ions in a high valence state of Fe** (3d*) and shows
a tendency toward ferromagnetism (FM) and metallicity, in
contrast to nearly all lower Fe valence oxides exhibiting
insulating antiferromagnetism (AFM) [1]. While in CaFeO;
and SrFeO3 the FM may be attained under high pressure only,
by compressing the lattice volume by about 11% and 5%,
respectively [2,3], the genuine FM with a saturated moment
of 3.5up per Fe ion was recently found at ambient pressure
below 111 K in stoichiometric BaFeO3 with cubic structure [1].
This FM state is accomplished by applying a small magnetic
field of ~3 kOe, needed to suppress the original A-type helical
spin order (comprising both interlayer FM and intralayer AFM
orders) in bulk BaFeOj3, which is very close in energy to the
uniform FM state as observed in thin films [4]. In contrast, a
magnetic field higher than 400 kOe is required to achieve the
same 3.5up moment in cubic SrFeO; antiferromagnet with
much stronger G-type helical order, which demonstrates the
existence of several novel competing helimagnetic phases,
attractive for applications [5]. The helical spin order may
be explained by the double-exchange mechanism which is
effective in the case of Fe*™ oxides with negative charge
transfer energy [6]. It should be noted that the realistic
electronic state of the Fe** ions is rather closer to d° L than
d*, due to the strong p-d hybridization, giving rise to an
itinerant ligand hole L in the oxygen p orbital [5,7]. It was also
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reported for BaFeO; that the magnetic ordering temperature
shifts to 300 K under 40 GPa pressure [1], and the electronic
structure calculations predicted a robust ferromagnetism far
above 300 K [8]. It thus appears that both the effect of lattice
expansion (and the related Fe-O bond elongation) due to the
increased size of M>* ion and the effect of external pressure,
causing the compression of both Ba-O and Fe-O bonds, lead
to the ferromagnetism in MFeOs [1,9]. Recently, complex
relationships between G-type helical AFM and FM orders
have been observed in SrFeOj3 by a shift of the magnetization
hysteresis loops along the horizontal axis associated with
unidirectional exchange anisotropy [10].

In an added complexity, the substitution of M>* ion by
higher valence La®" ion drives the system back to the AFM
ground state. The AFM ground state develops most probably
because of the appearance of AFM interactions between Fe**
and emerging from the electrical neutrality condition the Fe3*
ions, as well as because some pairs of Fe3* and Fe’*, known
for very strong AFM interactions, are formed [11]. Coexisting
FM and AFM phases revealed by a FM cluster-glass behavior
below 115 K were observed in cubic Lay sBag sFeO3 [12]. It is
interesting to investigate similar exchange interaction effects
on the interface between FM and AFM phases, comprising a
helical spin structure in other mixed valent perovskites with
varying Fe’/Fe** ratios.

In this paper, we report on a strong exchange bias (EB)
effect in a La-substituted for Ba system La,Ba;_,FeOs; (x =
0.125 — 0.33), which is intermediate between BaFeO; and
LagsBagsFeOs. For low-doped samples x < 0.25, the EB
field, Hgg, was found to increase in absolute value rapidly
at small cooling field, Hc.o, but it falls abruptly at higher
H¢oo1 due to the field-induced ferromagnetism. In contrast, the
x = 0.33 sample with a strong AFM constituent shows no
field-induced FM and the Hgg vs Hcoo dependence which is
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reminiscent of that commonly observed for system of isolated
FM clusters embedded in an AFM matrix.

II. SAMPLE PREPARATION AND
EXPERIMENTAL PROCEDURES

Polycrystalline samples of La,Ba;_,FeO3;_; (x = 0.125,
0.25, 0.33) have been obtained by a solid-state synthesis
method from stoichiometric mixtures (all 99.999%) of Fe, O3,
BaCOs;, and LayO; dried in air. Samples were pressed into
pallets and fired in air at increasing temperatures from
1000 °C to 1300 °C with several intermediate regrindings. The
final firings were done at 1300 °C followed by quenching
in liquid nitrogen to obtain a single-phase oxygen-deficient
perovskite phase with d > 0. These oxygen-deficient samples
were subsequently annealed in air at 350 °C, at high oxygen
pressure of 160 atm at 400 °C, and finally at 500 atm at
450 °C, followed by very slow cooling to room temperature,
at a rate of 6 deg/h. The oxygen content in the samples was
determined from the mass change between various annealings.
The structure was monitored by x-ray diffraction using a
Rigaku D/MAX powder diffractometer after each synthesis
step. The x = 0.125, 0.25, and 0.33 samples were found to be
single-phase cubic Pm-3m with lattice parameters a = 3.974,
3.950, and 3.947 A, respectfully. Room temperature x-ray
diffraction patterns of cubic La,Ba;_,FeO; are presented
in Fig. 1.
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FIG. 1. Room temperature x-ray diffraction patterns of cubic
La,Ba;_,FeOj;. The diffraction peak near 29 deg (denoted by cross)
results from incompletely screened copper Ky radiation of the (110)
peak.
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Obtaining fully oxygenated La,Ba;_,FeO3; samples is
difficult for x < 0.5. Repeated annealings in air are necessary
for x = 0.5 (Ref. [12]), whereas electrochemical oxidation or
annealing in ozone is required for BaFeO; (x = 0) (Ref. [1]).
Both these compounds are cubic with a = 3.93 and ~3.97 A,
respectively. Our final annealing in oxygen at 500 atm and
450°C should result in the fully stoichiometric materials
studied here. We note, however, that we were not able to
achieve a cubic BaFeO; sample, indicating that annealing in
oxygen at 500 atm is not sufficient to obtain a stoichiometric
x = 0 sample.

The increase of the lattice parameter a with the heterovalent
substitution of Ba?* for La’" is unusual for perovskites.
Increasing Ba substitution in La,Ba;_,FeOs is compensated
by decreasing population of e, electrons on the Fe site,
resulting in a decreasing ionic size of Fe. Typically, such
substitutions lead to a decrease of lattice parameters for
the ABOj; perovskites. However, since all compositions x =
0 — 0.5 are cubic, the substitution of larger Ba for smaller La
is accommodated by elongation of the Fe-O bonds and the
increase of lattice parameter a, irrespective of the particular
valence and size of Fe. The resulting materials thus contain
Fe-O bonds elongated beyond equilibrium values, which is
a consequence of the two-step, reduction—oxidation synthesis
method. Similar methods were used, for example, to obtain
multiferroic manganites with elongated Mn-O bonds [13].

Magnetization measurements, such as temperature de-
pendences and hysteresis loops in both field-cooling (FC)
and zero-field-cooling (ZFC) modes, were performed in the
temperature range 10 — 300 K in the magnetic field up to
90 kOe using the VSM option of the Physical Property
Measurement System (PPMS) of Quantum Design.

III. RESULTS AND DISCUSSION

Figure 2(a) presents the temperature dependences of both
ZFC and FC magnetization for La,Ba;_,FeO3; measured at
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FIG. 2. Temperature dependences of ZFC (open symbols) and
FC (solid symbols) magnetization for La,Ba;_,FeO; measured (a) at
100 Oe, presented in log scale, and (b) at 40 kOe. (c) Inverse
susceptibility H/M measured at 40 kOe. The Curie-Weiss fit is shown
by a dashed line.
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100 Oe. These M vs T curves demonstrate an evolution of
the AFM state with increasing La content x in the system.
Magnetic transition temperature, Ty, increases from 60 K
for x =0.125 to 135 K for x =0.25, and to 175 K for
x = 0.33, while the FC magnetization at 10 K decreases
by an order of magnitude. A strong gap between ZFC and
FC magnetization branches just below Ty in the x = 0.125
sample may be assigned to the inhomogeneous magnetic
state due to the coexisting AFM and FM orders, leading to
a glassy-like magnetic behavior. For larger La doping, this
inhomogeneous AFM/FM state, indicated by irreversibility
in ZFC and FC curves, occurs at temperature 7y, which is
distinctly lower than the Néel temperature Ty defined by a
maximum in M [see example of x = 0.33 in Fig. 2(a)]. The
ZFC-FC divergence exists as well at a high magnetic field
of 40 kOe in low-doped samples, presented in Fig. 2(b), and
even at fields up to 90 kOe, due to the cooling-field-induced
FM phase in a helical AFM spin structure, as will be shown
later. The inverse susceptibility H/M follows the Curie-Weiss
law M/H = C/(T — 0) in a paramagnetic temperature range,
between 200 and 300 K, shown in Fig. 2(c) together with
the fit to the data. The parameters obtained from the fit
are C = 2.58, 3.19, 3.25 (emu K/mol Oe) and 6 = 94, 14,
-65 K for x = 0.125, 0.25, 0.33, respectively. The change
of sign in Curie-Weiss temperature 6 indicates that AFM
interactions become dominant in La,Ba;_,FeO; at x = 0.33,
which is consistent with the increase in the Néel temperature
Tx with increasing La doping. For comparison, the positive
Curie-Weiss temperature 6 = 163 K, consistent with our data,
has been derived for pure BaFeO;3 [14]. The doping effect
may be explained by the increased number of the AFM
Fe’t - Fe*' and Fe’t - Fe** pairs in the system [11]. An
increased contribution from the Fe3* species with larger spin
S = 5/2, as compared with that for Fe*t, S = 2, is evidenced
by the increase in the effective magnetic moment i per Fe
ion from 4.54ug for x = 0.125 to 5.1up for x = 0.33, where
Wefs is calculated by applying the equation C = N ptes/3kp,
where Np and kg are Avogadro and Boltzmann constants,
respectively.

Magnetization hysteresis loops of La,Ba;_,FeO3 for x =
0.125, 0.25, and 0.33 at 10 K measured with several cooling
fields H.,, are presented in Figs. 3(a), 4(a), and 4(b). Two
important features are revealed from the hysteresis loops: (i)
even at small H.q, the FC loop changes its shape and shifts
away from the origin, due to the exchange bias anisotropy; (ii)
at Ho higher than 20 kOe, the high-field magnetization starts
to increase due to the cooling-field-induced ferromagnetism,
leading to a progressive suppression of the exchange bias effect
with increasing Hool.

The ZFC hysteresis loops of the samples with different
FM-to-AFM phase ratio are strictly symmetric, showing a
small coercive field, Hc, while the magnetization at the highest
field applied at 10 K is far from the expected for saturated
moment of 3.5ug. Even for x = 0.125 sample, with the
highest FM contribution, M reaches value of 0.8up at 90 kOe;
therefore, the full saturation is expected at much higher fields.
For comparison, for the G-type helical AFM SrFeOs; with
moment of ~0.4up at 90 kOe, the saturated moment of 3.5ug
is achieved at 4 K only with an applied pulse magnetic field of
about 400 kOe [5].
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FIG. 3. (a) Magnetization hysteresis loops of Lag 125Bag g75FeO;
at 10 K measured with several cooling fields H.,,. The upper insets
show the cooling-field-induced increase in (left) magnetization at
90 kOe and (right) remanent magnetization at H = 0, and the lower
inset presents an FC loop with H.,, = 10kOe over an extended
scale. (b) Detailed picture of ten loop measurements performed
consecutively between £90 kOe at 10 K after cooling in a field
of 10 kOe. (c) Field Hgg (see text) at 10 K versus increasing number
of recurrent hysteresis loops k; the solid line represents the best fit
with Eq. (1).

It is seen in Figs. 3 and 4 that much stronger changes
in field-dependent magnetization occur when following the
field-cooling process as compared to that obtained after ZFC.
One reason for such behavior is the EB anisotropy emerging
at the interface between interacting FM and AFM phases [15].
The EB effect is evidenced in a shift of the hysteresis loop
away from the origin, which happens after FC [see insets in
Figs. 3 and 4]. The hysteresis loops also widen under FC,
indicating the increase in both coercive field and remanent
magnetization. The EB field, defined as Hgg = (H; + H>»)/2,
is negative, as typically occurs for applied positive Hcool
[16], while the average coercive field Hc = (Hy, — Hy)/2
presents a half of the loop width, where H, and H, are the
negative and positive coercive fields at the first and second
magnetization reversals, respectively. At 10 K and at relatively
small H.,, = 10kOe, the |Hgg| achieves values of 1.89,
1.45, and 0.46 kOe for x = 0.125, 0.25, and 0.33 samples,
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FIG. 4. (a) Magnetization hysteresis loops for Lay,sBag75sFeO;
at 10 K measured with ZFC mode and with H.., = 70kOe. Upper
inset shows the cooling-field-induced increase in magnetization at
70 kOe, and the lower inset presents both symmetric ZFC and shifted
FC (Ho = 20kOe) loops in an extended scale. (b) ZFC and FC
(Heoo1 = 70kOe) loops for Lag33Bag¢;FeOs at 10 K. Inset shows a
shift of the H.,o = 10kOe loop in an extended scale.

respectively. With increasing temperature, the | Hgg | decreases
monotonically and becomes zero at temperature T, below
which both AFM and FM phases coexist.

It is noteworthy that even a small cooling field strongly
affects the magnetic state, as evidenced in Fig. 5(a) by
evolution of the hysteresis loop with increasing Hco,. The
ZFC loop shows a clear dual-loop behavior, namely, the loop
is composed of two subloops, one shifted to positive fields and
the other to negative ones. This effect is usually observed when
the exchange-biased FM/AFM system is zero-field cooled in
a demagnetized state [17,18]. In this case, the FM domains
of opposite magnetization direction may be frozen, leading to
the existence in the sample of two equal-in-value EB fields
of opposite sign, each of which provides the shift of the loop
in opposite directions—this mechanism is responsible for the
formation of a dual loop [17]. Under FC, the FM moments
directed oppositely to the applied field are suppressed while
the number of moments along the field increases; therefore,
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FIG. 5. (a) Evolution of hysteresis loop of Lay 1,5Bag g7sFeO5 at
10 K with increasing cooling field H.o . (b) Hysteresis loops of
Lag 125Bag g75FeO3; measured with H,,, = 10kOe at 10 and 50 K.
(c) Hgp field as a function of the maximum field of the loop Hyax
measured with constant H.,,; = 15 kOe for Lag,5Bag 75sFeO5 at 10 K.
Solid line represents exponential fit, and the dashed line indicates the
asymptotic value Hgp(Hwmax — 00) which is intrinsic Hgg.

with increasing Hqo, the subloop originating from the positive
EB progressively collapses and the subloop with negative EB
grows and transforms into the single loop with large values
of Hc and remanent magnetization M, [see evolution of the
loop in Fig. 5(a)]. Thus, for La,Ba;_,FeOs, the hysteresis
loop shape may be varied from a dual loop to the single one
by varying the cooling field.

Another field-induced effect, which is triggered by higher
cooling fields, is seen from the hysteresis loops for the
x = 0.125 sample, as presented in Fig. 3(a). The magnetization
at field of 90 kOe, applied at 10 K, almost coincides for all
loops with cooling fields between zero and 20 kOe, but it
starts to increase for loops with Hoo larger than 20 kOe [see
left inset in Fig. 3(a)]. It appears that the application of a
cooling field of 90 kOe enhances the magnetization by ~25%
in comparison to that obtained by the same field applied at
10 K. A very similar behavior, though with smaller effect
(~18%), was observed for x = 0.25 doping, while a negligible
effect was found for x = 0.33 composition with the strongest
AFM component [see Fig. 4(a) and inset in Fig. 4(a)]. We
suggest that the field-induced increase of magnetization in
La,Ba;_,FeOjs is due to the partial transformation of the AFM
screw spin structure into the FM one, similar to that occurring
in a SrFeOs; helical magnet [5]. In the case of SrFeOs3, this
field-induced ferromagnetism develops continuously through
an intermediate spin structure in interval of fields between 200
and 400 kOe at 4 K. At temperature of 120 K, which is close
to the transition into paramagnetic phase, the ferromagnetism
develops at lower fields between 80 and 120 kOe. Thus, it
seems that the FM phase expands progressively when the
magnetic field is applied at higher temperatures. Additional
magnetization emerging during the FC process for low-doped
La,Ba;_,FeO; can be possibly explained by similar behavior.
Other evidences for the cooling-field-induced ferromagnetism
are both strong change of the loop shape from nearly AFM type
(dual loop) to the clear FM type and an increase in the remanent
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magnetization M, by an order of magnitude [see right upper
inset in Fig. 3(a)], with increasing H.,o from zero to 90 kOe.
It appears that the extra FM phase emerges in the sample, as
a result of the FC process, and then it persists at 7 = 10K
during the magnetization circle. It also should be noted that
the cooling-field-induced magnetization appears to be larger
when the field of 90 kOe is applied at higher temperature below
Tx [see Fig. 5(b)].

It should be stressed that a proper estimation of the EB
parameters in strongly anisotropic systems is problematic
when the magnetization remains unsaturated, even at high
magnetic field, and in this case the minor hysteresis loops
may exhibit shift which has nothing in common with the
real EB [16]. However, it was suggested that the existence of
“true” EB in similar systems may be verified by “effectively
saturated” hysteresis loops [19,20]. A system is considered to
be effectively saturated when the ascending and descending
branches of the loop coincide at fields higher than the
anisotropy field. The appropriate value of the maximum field
of the loop Hyax, at which the minor loop effect is sufficiently
small, can be estimated by measuring the Hgp field as a
function of Hyax at constant parameters 7' and Hy,. The
Hgp vs Hyax dependence for the x = 0.25 sample is presented
in Fig. 5(c). The solid line represents an exponential fit and
the dashed line indicates the asymptotic value Hgg(Hmax —
00) = 1560 Oe, which is intrinsic Hgg. This procedure shows
that the Hgg measured with Hyax = 90kOe differs by ~1%
only from the true value of Hgg.

The EB behavior was verified by measurements of the
training effect, which is revealed usually by the reduction
of Hgp, due to the AFM domain rearrangement at the
interface, with repetition of the hysteresis loop at a fixed
temperature [16,21,22]. Figure 3(b) presents a narrow range of
ten hysteresis loops performed consecutively for the x = 0.125
composition between £90 kOe at 10 K after cooling in the field
H.oo = 10kOe. The field Hgg was found to diminish by a
factor of 2 with training by ten repeated magnetization cycles,
as shown in Fig. 3(c). The relaxation of the Hgp as a function of
the number of cycles k may be simulated within the framework
of the spin-configuration relaxation model [23], in which two
different types of AFM uncompensated spins, the first one
frozen and the second one rotatable, are exchange-coupled to
the AFM and FM layers, respectively:

Hggp(k) = Hgp(k — 00) + Agexp(—k/Pp) + Ajexp(—k/P),
(D

where A; and P; are parameters related to the changes in the
frozen spins, and A; and P; are evolving parameters linked
to the rotatable spin component at the FM/AFM interface
(here, parameter P is indicative of the relaxation rate). The
solid line in Fig. 3(c) is the best fit of Eq. (1) to the Hgg(k)
data with fitting parameters Hgg(k — 00) = -0.78 kOe, A; =
-0.70kOe, P = 5.6, A; = -3.9kOe, and P, = 0.46. It shows
that a contribution from the rotatable uncompensated AFM
spins at the interface is predominant at the initial stage of
training, while the frozen AFM component is much weaker
and relaxes about 10 times slower as compared to the rotatable
one.
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FIG. 6. (a) Variation of the coercive fields H, and H, with cooling
field H.o in La,Ba;_,FeO; at 10 K. (b) The average coercive field
Hc versus H,,. (¢) Cooling-field dependence of exchange bias field
Hgg at 10 K. Bold line represents the best fit with use of Eq. (3),
calculated for a system of FM clusters (size of 4.2 nm) embedded in
an AFM matrix.

Further insight into evolution of the EB in La,Ba;_,FeO;
samples is obtained from the dependence of hysteresis loops
on the cooling field H.,, . Figure 6(a) presents the variation
dependence of the coercive fields H; and H, on H_, while
the variation of the average coercive field Hc¢ is shown in
Fig. 6(b). Remarkably, the field of the second magnetization
reversal, H,, exhibits a minimum at low H,.,; moreover, the
H, becomes negative in the x = 0.25 and x = 0.33 samples at
cooling fields smaller than 20 and 30 kOe, respectively. This
behavior signifies that the cooling-field-induced EB anisotropy
dominates at relatively small Ho,. Figure 6(c) shows that
the absolute value of EB field |Hgg| increases rapidly with
increasing H oo, as it does generally for the exchange-biased
systems, but suddenly |Hgg| falls sharply in the x = 0.125
and x = 0.25 samples, when H,,, becomes larger than 10 and
20 kOe, respectively. In contrast, the x = 0.33 sample shows
nodropin | Hgg|, and its Hgp(H.o01) dependence is very similar
to that often observed in phase-separated EB systems [24].
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We suggest that the suppression of EB at higher H., values
for low-doped La,Ba;_,FeOj3 is due to the proposed above
cooling-field-induced ferromagnetism. Indeed, by comparing
Fig. 6(c) and the left upper insets of Figs. 3(a) and 4(a), one
can see that for the samples with x = 0.125 and x = 0.25,
the |Hgg| collapses with increasing H,qo1, at the same Hgool
values at which the additional magnetization starts to increase
distinctly. In addition, no field-induced FM and no drop in
| Hgg| occur for the x = 0.33 sample, consistent with previous
discussion. Therefore, there is a competition of two different
cooling-field-induced effects, leading to the EB anisotropy and
extra ferromagnetism, in low-doped La,Ba;_,FeOs3. It should
be noted that a competition between EB and ferromagnetism
is quite natural for the classic EB effect associated with
interfacial exchange interaction between strongly anisotropic
AFM and soft FM phases, and it can be well understood within
the simple Meiklejohn-Bean model [15]. Within this model
the Hgp is determined by the ratio of the interfacial exchange
energy J to the product of magnetization Mgy and the thickness
tem Of the FM layers, and depends on both AFM anisotropy,
K arMm, and thickness of the AFM layers, tapm, as follows [21]:
12 forR > 1

_ (—J/Mpmtpm)(1 — 1/4R?)
Hign = 0 forR < 1’ 2)

where the parameter R = K apmfapm/J determines the region
of existing EB in the system, namely, the EB exists only when
R > 1, i.e., when the AFM anisotropy energy Kapmfapm 1S
large enough. In other words, the AFM phase must be strong
enough to be able to pin the soft FM phase, thus leading
to the EB effect. Regarding our phase-separated system as
a system of isolated FM clusters of size D embedded in
the AFM matrix, one needs to replace the thickness gy by
D/6 and the thickness fapy by the distance between FM
clusters [16]. Within this model, the dramatic changes in EB in
low-doped La,Ba;_,FeOs; may be qualitatively explained by
significant changes in the FM-to-AFM phase ratio, produced
by the cooling field increase from 20 to 90 kOe. The cooling-
field-induced expansion of FM phase (~25% and ~18% for
x = 0.125 and x = 0.25, respectively) results in a substantial
increase of the FM cluster size D and, simultaneously, it
leads to shortening the distance between FM clusters, so that
the AFM anisotropy energy Kapmfapm weakens. It may be
suggested that there is a critical distance between FM clusters,
analogous to the critical AFM thickness #{ = J/Karm
below which the EB cannot exist, in accordance with Eq. (2).
The critical thickness 3, was confirmed experimentally to be
inversely proportional to the AFM anisotropy and was found to
be about 20 A only in the case of strongly anisotropic FeF, /Fe
bilayers [25]. Such a small distance between FM clusters is not
realistic in La, Ba;_,FeO3 because the magnetic moment even
at field of 90 kOe is far from saturation. Therefore, shortening
the distance between FM clusters does not significantly affect
the EB, and we suppose that the major factor responsible for
EB suppression is the cooling-field-induced expansion of the
FM cluster size.

Completely different Hgp(Ho01) dependence is observed
for the composition with the highest doping x = 0.33. This
sample shows the highest Néel temperature Ty = 175K, the
strongest AFM interactions (6 = -65 K), and the smallest FM
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phase fraction Mg = 0.78emu/g = 0.0337ug/f.u. at T =
10K (as obtained by interpolation of the high-field linear part
of M on H dependence to H = 0 [see Fig. 4(b)]). It is expected
that the helical AFM spin structure at this doping is the hardest
as compared to that in low-doped samples; therefore the
field-induced transformation from the AFM to FM state does
not occur within cooling fields up to 90 kOe. Consequently,
the FM-to-AFM phase ratio does not change noticeably, and
no drop in | Hgg| occurs for x = 0.33. Below the temperature
of phase separation Tj, = 150K [see Fig. 2(a)], the magnetic
system at this doping may be regarded as a system of small
FM clusters distributed inside the dominant AFM phase.
Considering the Hgg(H.o01) dependence, an estimation of the
average size of the FM clusters may be obtained within the
model proposed in (Ref. [26]) for phase-separated systems
consisting of single-domain FM clusters embedded in the AFM
matrix:

Heg o< J[(J 10/(g148)") LI Hooot /KB Tt) + Heootl,  (3)

where J is the interface exchange constant, g ~ 2 is the
gyromagnetic factor, up is the Bohr magneton, L denotes the
Langevin function, ;g &~ 3.5up is the magnetic moment per Fe
ion spin, © = N [ is the magnetic moment of the FM clusters
with N number of spins within the cluster, and 7y ~ 150K is
the temperature below which both FM and AFM interacting
phases coexist and the EB appears. Equation (3) has been
successfully used for evaluation of the FM cluster size in a
variety of exchange-biased phase-separated systems, such as
manganites and cobaltites [24]. The solid line in Fig. 6(c)
represents the best fit with Eq. (3) obtained for the values
of fitting parameters N = 640 £ 150 and J =~ -10 &+ 2 K
for the x = 0.33 sample. By assuming calculated value of
N, the FM cluster size of D =~ 4.2 nm has been derived.
The exchange interaction across the interface J appears to
be of the AFM nature. The negative sign of J is responsible
for the decrease in |Hgg| at high field, according to Eq. (3).
One can estimate the density of FM clusters n by considering
the spontaneous magnetization Mg = nN . Taking Mg =
0.78emu/g = 0.0337ug/f.u. found at 10 K [see Fig. 4(b)],
we estimate the density of FM clusters in Lag 33Bag ¢7FeO3 to
ben ~ 1.5x107° fu.~!.

Let us discuss briefly the cooling-field effect on
La,Ba;_,FeO; magnetism, which has a twofold consequence
involving both the field-induced ferromagnetism and the EB
anisotropy. With increasing cooling field, the EB increases
at small H,o but it is suppressed at high H.o due to
expansion of the FM phase volume caused by the partial
transformation of the AFM helical spin structure into the FM
one. Such EB suppression is understandable in view that the
applied magnetic field of high enough value must ultimately
destroy the AFM structure and, consequently, the EB. For
instance, the complete suppression of the EB effect due to
the magnetic-field-induced metamagneticlike transition was
observed in CaMngoNby ;O3 manganite [27]. Like in the
case of La,Ba;_,FeO;3, a fast increase in EB field |Hgg|
at small H.,o and gradual diminution of |Hgg| at higher
cooling fields have been observed in a granular system of Fe
nanoparticles, in which the EB originates from the interfacial
interaction between the FM and spin-glass (SG) phases [28].
The authors explained that the strong cooling field, tending
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to orient spins along the field direction, strongly modifies the
spin configuration of the SG phase, so the Zeeman energy may
overcome the interfacial exchange coupling leading to the EB
suppression [28]. An extreme cooling-field effect on EB has
been observed in FeF,-Fe bilayers [29]. It was found that the
EB is negative at small cooling fields, but it becomes positive
for large Hcoo1- The behavior was explained considering that
the FeF, surface spins couple to the cooling field above Ty and
the FeF,-Fe interaction is AFM [29].

IV. CONCLUSIONS

In summary, the exchange bias effect has been investigated
in helical magnets La,Ba;_,FeO3; (x = 0.125, 0.25, 0.33)
exhibiting the FM-AFM phase-separated ground state with
phase ratio varying with doping x. With increasing x, the
AFM component, comprised of helical spin order, becomes
stronger due to the increase in number of the AFM coupled
Fe’* - Fe** and Fe** - Fe** pairs. At low doping x < 0.25,
an abnormal dependence of the EB field, Hgg, on cooling
field, H.oo, was found. The Hgg increases rapidly at low
H_.o1, but it falls suddenly at cooling fields higher than
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20 kOe, decreasing by an order of magnitude at 90 kOe. The
suppression of EB is caused by the field-induced increase in the
FM phase volume fraction due to the partial transformation of
the AFM helical spin structure into the FM one. The low-doped
La,Ba;_,FeOs; demonstrates a competition of two dissimilar
cooling-field-induced effects, one of which leads to the EB
anisotropy and another, effective at higher cooling fields,
bringing the enhanced ferromagnetism in the compound. In
contrast, the x = 0.33 sample with strong AFM constituent
shows no field-induced ferromagnetism and no drop in EB
within cooling fields up to 90 kOe. Consequently, the Hgp vs
H.oo1 dependence is well described by the standard model for
a system consisting of isolated FM clusters of size ~4 nm
embedded in the AFM matrix.
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