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Electric control of exchange bias in multiferroic hexaferrite Ba0.4Sr1.6Mg2Fe12O22
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Electric field reversal of large magnetization has been achieved in the multiferroic hexaferrite
Ba0.4Sr1.6Mg2Fe12O22 with conical spin structures. The variation of magnetization depends on the sweeping rate
of the applied electric field, leading to a significant fatigue effect. Such a slow dynamical behavior is attributed
to the hysteresis magnetization process facilitated by the electric field. Moreover, the M-H hysteresis loop can
be manipulated by external electric fields, causing either a positive or negative exchange bias phenomenon. The
role of the electric field acting as a bias magnetic field on the magnetic hysteresis loop is discussed in terms of
the pinning of magnetic domains by conjugated ferroelectric domains.
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I. INTRODUCTION

Magnetoelectric (ME) multiferroics are promising candi-
dates that could enable the mutual control of electric polar-
ization (P ) by magnetic field (H ) and magnetization (M)
by electric field (E) [1–8]. In particular, the control of M

by E has attracted much attention in recent years for its
intriguing fundamental physics and potential applications
[9–11]. Although a large number of multiferroic materials
have been discovered in the past decade, the modulating
amplitude of M by E is usually small and the converse ME
coefficient (αE = μ0dM/dE) is quite low, which are major
obstacles to applications.

To achieve large ME effects, the spin-driven ferroelectrics
(type-II multiferroics) [12] are considered to be promising
candidates. Their ferroelectricity is induced by noncollinear
or collinear spin structures which break the space inversion
symmetry. The microscopic origin of the spin-induced P

is mainly due to an inverse Dzyaloshinskii–Moriya (DM)
interaction [13], spin current theory (the KNB model) [14],
or the exchange striction mechanism [15], respectively. The
magnitude of P is usually two to three orders smaller than that
of traditional ferroelectrics. However, a large ME coefficient
(αH = dP/dH ) can be found in some spin-driven ferro-
electrics with noncollinear magnetic order due to the sensitive
tuning of spin structure by low magnetic fields [7,16,17].
Additionally, E control of M can be realized in these materials
via the accompanied large converse ME coefficient [7,16].

Among various multiferroic materials, multiferroic hexa-
ferrites with tunable conical magnetic structure show promi-
nent direct and converse ME effects [18–25]. For example,
Chai et al. reported reversal of magnetization by E at 30 K
in Ba0.5Sr1.5Zn2(Fe0.92Al0.08)12O22 [7]. Hirose et al. reported
E control of M at room temperature in BaSrCo2Fe11AlO22
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[11]. Recently, giant direct and converse ME effects have
been reported in Ba0.4Sr1.6Mg2Fe12O22 [16]. The change of
M induced by E exceeds 5.3 μB/f.u. and the maximum
converse ME coefficient is as high as 32 000 ps/m at 10 K,
setting a record for single-phase multiferroics. However, the
microscopic mechanism of the change of magnetization or
magnetic structure with applied E field has not been well
studied.

In this work, we have further studied in detail the converse
ME effect in Ba0.4Sr1.6Mg2Fe12O22 under both continuous
and pulsed electric fields. In addition to the E reversal of M

as reported in our previous work [16], we have found more
interesting ME phenomena. The variation of M depends on
the sweeping rate of the applied E, leading to a significant
fatigue effect. The M-H hysteresis loop can be controlled
by applying the E field, giving rise to either positive or
negative exchange bias phenomenon. The role of applied E

is to induce simultaneous rotation of P and M vectors inside
the multiferroic domains in the ab plane. The E-biasing effect
on the M-H loop is attributed to the conversion between
electrostatic and Zeeman energies.

II. EXPERIMENTS

A Ba0.4Sr1.6Mg2Fe12O22 single crystal was synthesized
from Na2O-Fe2O3 flux in air [26]. The starting chemicals
were mixed with a molar ratio 3.938% BaCO3, 15.752%
SrCO3, 19.69% MgO, 53.61% Fe2O3, and 7.01% Na2O and
melted in a Pt crucible at 1420 °C for 20 h, followed by a
thermal recycle. The crystals were slowly precipitated from
high temperature flux when cooled to 1100 °C at the rate
of 1 °C/h. The H -dependent dielectric constant and ME
current were performed in a cryogen-free superconducting
magnet system (Oxford Instrument, Teslatron PT) using a
LCR meter (Aglient, 4980A) and an electrometer (Keithley
6517B), respectively. The M under E field was measured in a
magnetic property measuring system (MPMS, Quantum De-
sign) using a modified sample holder. Before the ME current
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FIG. 1. (a) Crystal structure of Ba0.4Sr1.6Mg2Fe12O22. L and
S denote small and large magnetic blocks, respectively. (b) The
magnetic structure of longitudinal cone and (c) transverse cone.
(d) Temperature dependence of magnetization with H = 150 Oe
along the a axis. Before the measurements, the sample is cooled to
2 K and the magnetic field is set to 50 kOe, then ramped to 150
Oe, followed by an increase in temperature with the rate of 2 K/s.
(e) The relative change of dielectric constant �ε dependence of H at
different temperatures. The change of dielectric peaks is obtained by
�ε(Hmax) = [ε(Hmax) − ε(50 kOe)]/ε(50 kOe).

measurements at 10 K, ME poling procedures were applied as
follows: H was first set to 50 kOe along the [100] direction
and an E of 750 kV/m was applied along the [120] direction
of the crystal. Then H was ramped to 5 kOe. After that, the
E was removed and the electrodes were short-circuited for 30
min. The ME current was measured by sweeping the magnetic
field at the rate of 20 Oe/s. For the magnetization under
electric field measurements, a similar ME poling sequence
with the poling field of 2.5 MV/m was applied and the final
magnetic field was set to 0 Oe.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the crystal structure of Ba0.4Sr1.6

Mg2Fe12O22. Its space group is R3̄m, which cannot generate
a spontaneous polarization. Two repeating magnetic units,
which are characterized by large (L) magnetic block and
small (S) magnetic block, respectively, stack along hexagonal
c axis. In each block, magnetic moments on Fe site are
collinearly arranged, while Mg2+ ions randomly distribute
at the tetrahedral and octahedral sites [27]. The Fe-O-Fe su-
perexchange interaction across the boundary of L and S blocks
can be affected by Ba/Sr sites, which is vital for producing
a noncollinear structure [28]. At low temperatures (T ), the
magnetic structure becomes an incommensurate longitudi-
nal cone (LC) [Fig. 1(b)]. With in-plane Hab, the magnetic
structure becomes an commensurate transverse cone (TC)
[Fig. 1(c)]. However, when the magnetic field is swept back

to zero, the metastable TC magnetic structure was maintained
rather than recovering to the LC phase. The TC structure
can lead to an electric polarization perpendicular to both
the H and [001] directions due to the spin current model
P ∝ ∑

ij eLS × (SL × SS ), where adjacent block SS and SL is
connected by a unit vector eLS‖[001]. Here, the polarization
in Ba0.4Sr1.6Mg2Fe12O22 is assumed to be generated between
the L and S blocks instead of single magnetic ions inside
them.

Figure 1(d) shows the temperature dependence of magne-
tization along the [100] direction. To measure the M-T curve,
we first applied an external H = 50 kOe along the [100] direc-
tion at 10 K to reach a ferrimagnetic phase at high magnetic
fields, then set H down to 150 Oe to obtain a TC phase at
low magnetic fields [29]. With increasing temperature, a steep
decrease of magnetization happens around 50 K, indicating
the induced TC phase gradually becomes the LC phase at
higher T . The M-T curve becomes flat above 80 K, indicating
a proper screw magnetic structure. Above 380 K, M sharply
increases, implying a collinear ferrimagnetic phase stabilizes
at higher temperatures.

Figure 1(e) shows the relative change of dielectric constant
�ε = [ε(H ) − ε(50 kOe)]/ε (50 kOe) (E‖[20]) with sweep-
ing H (‖[100]) from −50 to 50 kOe at different tempera-
tures. In the high H region, the clear broad peaks can be
observed at all selected temperatures, representing the bound-
aries between the high H paraelectric (PE) and the low
H ferroelectric (FE) phase. In the low H region, a single
dielectric peak around zero field gives the over 7% change
of ε at 10 and 50 K. The large �ε, which indicates the
direct reversal of FE/TC domains in the ab plane, can be
observed up to 50 K, which coincides with the tempera-
ture region of stabilizing the TC magnetic structure around
zero H [30]. The FE domain and magnetic in-plane do-
mains are clamped with each other and four domain states
(+M,+P ), (−M,+P ), (−M,−P ), (+M,−P ) could co-
exist [2]. The reversal of magnetization is accompanied with
the reversal of polarization and thus a large ME coupling
effect associated with the change of magnetic structure is
expected. At higher T , the dielectric peak around zero field
broadens for 100 and 150 K, implying a change of magnetic
structure. Above 150 K, a leaky feature can be observed on
the �ε(H ) curve.

We further measured the P -H curve in the FE/TC region
at 10 K [Fig. 2(a)]. The P -H hysteresis loops confirm a
direct reversal of the FE domain around zero H , as shown
in Fig. 2(a). The saturated polarization is 245 μC/m2 and
the coercive magnetic field is 100 Oe. The drastic reversal
of polarization around the coercive field produces a large
direct ME coefficient. The maximum ME coefficient αH =
dP/dH was estimated to be 33 000 ps/m [16], which is
the highest value in single-phase multiferroics as far as we
know. The reversal of polarization is repeatable in the low
magnetic field range, as shown in Fig. 2(b). The polarization
shows a periodical change as the function of time when the
magnetic field oscillates in the range between −2.5 and 2.5
kOe. We noticed that the coercive field of this sample is
much larger than that in Ba0.5Sr1.5Zn2(Fe0.92Al0.08)12O22 with
a smaller αH [2]. It usually indicates a larger in-plane magnetic
anisotropy for Ba0.4Sr1.6Mg2Fe12O22.
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FIG. 2. (a) The P -H loops after –E & +H and +E & +H

poling procedures. (b) Cyclic reversal of P with H in the range
of 2.5 kOe and −2.5 kOe at 10 K. (c) P measured under different
θ values. (d) The configuration of measurement. The H applied or
M measured is along the [100] direction and the E applied or P

measured is along the [120] direction. The dashed line represents the
direction of H and θ denotes the angle between H and the [100] axis
when the sample is rotated in the ab plane. Magnetic moments prefer
to align along the blue arrows that denote the crystal orientation.

The TC phase has a magnetic easy-plane with a sixfold
hexagonal in-plane anisotropy, as shown in Fig. 2(d). In the
magnetization reversal process, the magnetization vector in a
single magnetic domain will be pinned to one of the six direc-
tions until H is large enough, producing a clear hysteresis in
the M-H loop, or the P -H loop in our case since P and M

always rotate together to keep a perpendicular relationship in a
single domain. To check this, we measured the in-plane angle
(θ ) dependent polarization along [120], where θ represents
the angle between in-plane H and the [100] direction of the
crystal, as shown in Fig. 2(d). We first applied the ME poling
procedure at θ = 0◦ then rotated H in the hexagonal plane and
collected the ME current. Figure 2(c) displays the measured
polarization at H = 3 kOe as a function of θ . The P -θ curve
clearly shows a deviation from the ideal cosine wave behavior,
indicating a relatively larger in-plane magnetic anisotropy due
to the pinning of M and P vector under small H .

The large in-plane anisotropy may affect the converse ME
effect of Ba0.4Sr1.6Mg2Fe12O22. We investigated the repeti-
tion of the E modulation of M . The ME poling procedures
(+E,+H or − E,+H ) were carried out to obtain a single
domain state. The E was further swept between +2.5 MV/m
and −2.5 MV/m for several times to measure the M change
under E circles. The M changes with E in the same trend
with +E and +H poling [Fig. 3(a)], while in the opposite
trend after –E, +H poling history [Fig. 3(c)]. With oscillating
E, the M changes in the range between 2.5 μB/f.u. and
−2.8 μB/f.u. for both poling procedures, but gradually decays
circle by circle. In contrast, the similar M change under E

oscillation measurement in Ba0.5Sr1.5Zn2(Fe0.92Al0.08)12O22

only shows negligible decay behavior [2]. Therefore, the
significant decay of M under repeated E sweeping is likely to
be attributed to the stronger in-plane anisotropy and a larger

FIG. 3. Periodic modulations of M under continually changed
electric field after (a) +E, +H and (c) –E, +H poling procedures.
Magnetization change with plus E after (b) +E, +H and (d) –E,
+H poling conditions. The positive E is 2.5 MV/m and the negative
E is −2.5 MV/m. The repeating change of magnetization under the
square wave of electric field with a duration of 1 s for two poling
procedures

coercive field in the M-E curve of Ba0.4Sr1.6Mg2Fe12O22. The
larger the magnetic anisotropy is, the stronger the application
of E is required to induce the simultaneous rotation of the P

and M vectors inside the clamped domains in the ab plane.
The decay of magnetization can also be seen under re-

peated E pulses with a duration time of 1 s, as shown in
Figs. 3(b) and 3(d). Figure 3(b) presents the change of M

under E pulses after +E, +H poling. A negative E pulse
of −2.5 MV/m can change the initial M of 1.05 μB/f.u. and
preserve the value without E. A subsequent positive pulse
2.5 MV/m results in a jump of M to 0.5 μB/f.u., lower than
the initial value. For the subsequent train of electric field
pulses, the switching of M still shows a slow fatigue behavior.
The M change under E pulses after the –E and +H poling
procedure shows very similar decaying behavior, as shown in
Fig. 3(d).

We further studied the change of M under different E

field sweeping rates. In Fig. 4(d), M can only approach
−1.4 μB/f.u. with a sweeping time of 880 s from E =
+2.5 MV/m to −2.5 MV/m. In contrast, M can reach
−2.3 μB/f.u. with the total E sweeping time of 4400 s, which
is two times longer in terms of M change than that of the fast
sweep process. It shows that to overcome the high magnetic
anisotropy, a longer duration time under E is necessary for
nucleation and propagation of FE/TC clamped domain walls.

From the above experimental results, the E seems to play
a role as H does in manipulating the change or reversal of M

and the observed fatigue effect is very similar to the “minor
loop” effect in terms of the magnetic hysteresis loop. To
investigate the effect of the electric field on the TC phase
in Ba0.4Sr1.6Mg2Fe12O22, we performed the low field M-H
loop under different E bias, as shown in Fig. 5(a). The M-H
hysteresis loops are shifted nearly without any distortion
along the H -axis direction upon the application of E, where
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FIG. 4. The initial change of magnetization after positive +E

and +H poling with H scanning from 2.5 MV/m to −2.5 MV/m
at different rates.

the direction depends on the polarity of E. The maximum
shift HEB reaches −30 Oe and +35 Oe for E = ±1.7 MV/m,
respectively, which is like a typical exchange-bias
effect.

Exchange-bias phenomena is generally assigned to the
exchange coupling at different magnetic interfaces that causes
a pinning of magnetization. The exchange bias induced by E

field can be explained as follows. The application of E mod-
ifies the ground state energy of ±M due to the electrostatic
energy, ±PE. The Landau free energy of ferromagnetism
considering a conjugate field HEB induced by P can be written
as

�(P, T ,M )=�0 + a(T -Tc )M2 + bM4 + MHEB . . . ,

(1)

where M is the order parameter and HEB is the exchange-bias
field from E. As explained in Fig. 5(c), the asymmetrically
distorted double well potential without the application of
external H will be totally compensated by the presence of
HEB that satisfies −MHEB = PE. Therefore, the M-H loop
should be shifted along the H axis by HEB = −PE

M
. Thus, the

amount of the shift is proportional to E, and its sign depends
on the polarity of E.

To test the above theoretical analysis, the experimentally
obtained values of |PE| and |MHEB| from the E-biased M-H
data are compared in Fig. 5(b). The values of spontaneous
M and P of TC phase are selected at H = 500 Oe. The
diagonal line in Fig. 5(b) represents the |PE| = |MHEB| rela-
tionship and the calculated data points largely fall close to this
line with small deviations due to measurement uncertainties.
Therefore, the –MHEB = P�E relation is reliably confirmed
in the experiments, validating the proposed interpretation of

FIG. 5. (a) The M-H loops measured under −1.7, 0, and
1.7 MV/m electric fields. (b) The bias of magnetic field at different
electric field. (c) Free energy with double minimum show asymmet-
ric deformation with E applied.

exchange bias effect from the electrostatic energy. It is worth
mentioning that the reversed effect of magnetic biasing of a
ferroelectric hysteresis loop has been observed in a multifer-
roic orthoferrite Dy0.7Tb0.3FeO3 [31].

IV. CONCLUSION

The noncollinear magnetic structure between magnetic
blocks rather than single magnetic ions is in favor of pro-
ducing large ME effects, as we demonstrated in the multifer-
roic hexaferrite Ba0.4Sr1.6Mg2Fe12O22. The time-dependent
change of magnetization with continuous or pulse E field
suggests that role of E field is to drive nucleation and propa-
gation of magnetic domains. The low field M-H loop under a
different E field shows exchange-bias behavior, which implies
that an effective inner H field is induced by E. This is ascribed
to the pinning effect between the conjugated ferroelectric and
magnetic domains in magnetic-order-induced multiferroics.
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