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In a multiferroic orthoferrite Dy, Tb, ;FeO3, which shows electric-field-(E-)driven magnetization (M)
reversal due to a tight clamping between polarization (P) and M, a gigantic effect of magnetic-field (H)
biasing on P-E hysteresis loops is observed in the case of rapid E sweeping. The magnitude of the bias
E field can be controlled by varying the magnitude of H, and its sign can be reversed by changing the sign
of H or the relative clamping direction between P and M. The origin of this unconventional biasing effect
is ascribed to the difference in the Zeeman energy between the 4P and —P states coupled with the M states

with opposite sign.
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The mutual control of magnetization (M) and electric
polarization (P) by electric (E) and magnetic fields (H) has
long been a big challenge in condensed matter physics and
applications. In multiferroic materials endowed with both P
and M, it becomes possible, provided that they are strongly
coupled [1,2]. Representative examples are H-induced
P reversal [3-6] and its complementary process, namely,
E-induced M reversal, as demonstrated recently [7,8].
Another example is the modification of a P-E loop by
applying H [9-13]. In some cases, the application of H
changes the value of coercive E [9,10], and in other cases,
the shape of the P-E curves changes from paraelectriclike
to ferroelectriclike [11,12] or from antiferroelectriclike to
ferroelectriclike [13]. These effects on the P-E loops thus
far reported did not depend on the polarity of H, and the
obtained P-E loops in H remained symmetric with respect
to the origin.

For ferroelectric ferromagnets with tight P-M clamping,
the H effect on P-E loops remains a fundamentally
important open question. In these materials, H is antici-
pated to affect a P-E loop in a sign-dependent manner; this
is because P reversal accompanies M reversal in an external
H, giving rise to a modification of the Zeeman energy.
Thus, an asymmetric P-E loop with respect to the origin
is expected, which can be viewed as an H-biasing effect
on the P-E loop. In this Letter, we demonstrate such a
biasing effect for a multiferroic rare-earth orthoferrite
Dy, 7Tby3FeO; in which the E-driven M reversal has
recently been attained [8]. The biasing effect of a ferroic
hysteresis loop may provide useful functionality, as well
as the magnetic counterpart known as “exchange bias” that
shows up in antiferromagnetic and ferromagnetic hetero-
structures [14-19] and has been applied to practical
devices [20].
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As discussed in Ref. [8], P(||c) of Dy,;Tby3FeOs
originates not from an inverse Dzyaloshinsky-Moriya
(DM) mechanism [21-23] but from symmetric exchange
striction between rare-earth (R) 4f moments and Fe 3d
spins, which order antiferromagnetically at 2.65 K and far
above room temperature, respectively. The ferromagnetic
moment (||¢) arises as the canting of antiferromagnetically
coupled Fe spins from DM interaction [8]. Therefore, P
reversal requires the change of an antiferromagnetic phase
factor between 0 and 7 of either an R 4f moment or an
Fe spin, i.e., Oz or O, [8,10,24]. Note that the reversal
of the Fe spin is necessarily accompanied by the reversal of
a spontaneous M via the DM interaction. In other words,
Op. and M have a one-to-one correspondence with each
other. In consideration of the symmetric exchange stric-
tion, the effective interaction energy can be expressed as
Ey = —aPMM' [24], where a, P, M, and M’ denote a
coupling constant, electric polarization, ferromagnetic
moment, and rare-earth staggered moment, respectively.
M’ also changes its sign, depending on the value of
Or(= Oor ), similar to the case of M [8,24]. It should
be noted that the direction of the DM vector itself
always remains unchanged upon the P reversal here, in
contrast to those predicted in polar-distortion-induced
DM weak ferromagnets, such as LiNbO;-type MTiO;
(M = Fe, Ni, Mn) [25].

Because of the trilinear form of the interaction energy,
four states out of eight possible combinations for P, M, and
M’ are energetically stable, namely, the (P+, M+, M'+),
(P+, M—, M'-), (P—, M—, M'+), and (P—, M+, M'—)
states. These states or domain states are schematically
presented in Fig. 1(a) as closed circles in the P-M-M' order-
parameter phase space. There are three kinds of composite
domain walls that separate the four domain states as
described in Ref. [24] in detail, but in this Letter, we focus
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FIG. 1 (color online). (a) Relation among energetically stable
domain states and domain walls that can be driven by the E field
is displayed in the P-M-M' order-parameter phase space of
Dy, ;Tby3FeO; for H = 0. Each corner of cube corresponds to
the + or — state of the corresponding order parameter. Only four
states out of eight (as presented with closed circles) are stable due
to the trilinear-type interaction energy among P, M, and M’ (see
text). FEDW and MFDW denote ferroelectric and multiferroic
domain walls, respectively. Green (red) arrow indicates the
P-reversal process for a slow (rapid) E scan whose frequency
is larger (smaller) than those indicated with yellow in panel (b).
(b) Electric-pulse width dependence of M and the M-reversal
ratio in Dy ;Tbg3FeOs at 2.5 K. (P+, M+, M'+) initial state is
prepared, and a triangle-shaped single E pulse with the peak
height of Ep. = —69.4 kV/cm and temporal width of 7 was
applied. After the application of the pulse, magnetization was
measured (reproduced from Ref [8]).

only on two kinds of domain walls that are driven by E.
Such domain walls are represented with red and green
arrows in Fig. 1(a). One is the multiferroic domain wall
(MFDW) across which both P and M change the sign
while keeping M’ unchanged, and this is nothing but the
antiphase boundary of the Fe antiferromagnetic order.
The other is the ferroelectric domain wall (FEDW), across
which both P and M’ change sign while keeping M
unchanged, and this corresponds to the antiphase boundary
of the rare-earth antiferromagnetic order [8,24].

Another unique feature of this system is that the E-driven
P-reversal process depends on the E-sweeping speed. As
shown in Fig. 1(b), when a triangle-shaped single E pulse
with a short (long) width 7 is applied to a (P+, M+, M'+)
state, M is reversed (remains unchanged); therefore, P
reversal occurs through the nucleation and propagation of
MFDW (FEDW). Such a temporal-scale-dependent feature
has been ascribed to a larger inertia of the M’ domain wall
arising from the strong Ising character of the R 4 moment
than the M (Fe) domain wall [8]. Namely, upon slow E
sweeping, the system prefers to reverse P through the
motion of FEDW, which is nothing but the domain wall of
the R moment. However, because the reversal dynamics of
the Ising-like R moments is slow, it cannot follow rapid £
sweeping. On the other hand, the Fe spins can follow much
faster dynamics than the anisotropic R moments. Thus,
upon decreasing 7, the reversal of P starts to occur through
the MFDW or, equivalently, the domain wall of the Fe spin.

Therefore, it is the anisotropy of the rare-earth moment that
governs the crossover temporal scale. This crossover in the
present material takes place in the yellow-colored region in
Fig. 1(b), which corresponds to a frequency around several
hundreds of mHz at 2.5 K [8]. Hereafter, we refer to the
sweeping process with a higher (lower) frequency than this
crossover frequency as rapid (slow) sweeping.

Single crystals of Dyy,Tby3;FeO; were grown by a
floating zone method. The orientation of the crystal was
determined by a back-Laue x-ray diffraction method.
A plate with a dimension of 1 mm x 2 mm x 31 ym with
the widest face normal to the ¢ axis was cut out from the
single crystal bar. Electrodes were formed on both of
the widest faces by a heat-treatment-type silver paste to
make a capacitor structure. The temperature and H(||c)
were controlled with a superconducting magnet (PPMS,
Quantum Design), and the P-E curves with E|lc were
measured with a ferroelectric tester (Premier II, Radiant).
E-linear paraelectric components were subtracted from the
obtained P-E curves [26]. Prior to each measurement,
the initial state was prepared with a magnetoelectric- (ME-)
poling procedure. The M-H curves were measured by a
superconducting quantum interference device (SQUID)
magnetometer (SQUID-VSM, Quantum Design), and the
coercive magnetic field (H.) was found to be ~1060 Oe
at 2.5 K and ~440 Oe at 2 K, respectively, as shown
in Fig. 3(e).

In Fig. 2(a), we show the H dependence of the P-E
loop measured at f = 0.1 Hz (slow scan) with a (P+,
M+, M'+) state being the initial state. As an initial trial,
H =500 Oe (<H_)and T = 2.5 K was selected. The P-E
loop does not show an appreciable change upon application
of H and remains symmetric with respect to the origin at
H = +500 Oe as well as at H = 0. On the other hand, it
can be clearly seen from Figs. 2(b)-2(d) that the P-E loop
measured with rapid E sweeping (f = 100 Hz) shows
an apparent shift along the E-axis direction upon the
application of H, where the direction depends on the
polarity of H.

Such an E-sweeping-speed-dependent H effect can be
explained as follows. At H = 0 and E = 0, all four states
in the order-parameter phase space have the same energy.
However, under H and in the absence of E, an energy
difference arises. The energies of two states out of the four
become lower compared to the others by 2MH due to
Zeeman energy, as shown in Figs. 2(e)-2(g). As mentioned
above, whether or not P reversal is accompanied by M
reversal depends on the E-sweeping speed. When the
E-sweeping speed is low (f = 0.1 Hz), P reversal is not
accompanied by M reversal, and it occurs through the
nucleation and propagation of FEDWs, as depicted with
green arrows in Fig. 2(e). Therefore, the final state should
be (P—, M+, M'—) with the same M+ as the initial state
(P4, M+, M'+). In the presence of H, both states have the
same Zeeman energy gain (—MH), and the effect of H on
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FIG. 2 (color online). (a) P-E loops measured at f = 0.1 Hz
(slow scan) at 2.5 K. Dotted (solid) line corresponds to the
loop measured in H = 4500 Oe (0 Oe). P-E loops measured
at f =100 Hz (rapid scan) in (b) H = —500, (c) H =0, and
(d) H = +500 Oe, respectively. Vertical dashed lines indicate
the center of the hysteresis loop, which corresponds to the bias
field AE. (e) Schematic of P-reversal paths for slow E scan
(f = 0.1 Hz) in the presence of H(>0). Filled (open) circles
represent states with lower (higher) energy due to Zeeman energy
induced by H(>0) along the ¢ axis. P reversal occurs through
the nucleation and propagation of FEDW without changing the
sign of M. (f),(g) Schematic paths of P reversal for rapid E scan
(f = 100 Hz) in a (f) negative and (g) positive H field. P reversal
occurs through the MFDW without changing the sign of M'.
Filled (open) circles represent states with lower (higher) energy
by an amount of 2U. = 2MH due to the Zeeman energy. Free
energy with double minimum show asymmetric deformation that
depends on this Zeeman energy at E = 0 (blue solid curves). The
energy difference 2U, is totally compensated when E = AE is
applied (red dashed curves).

the free energy with the double minimum associated with
the £P states is merely a parallel shift by an amount of
—MH along the energy axis while keeping the symmetry
with respect to £ = 0. Thus, the P-E loops show no shift
along the E axis and remain symmetric with respect to the
origin, as observed in Fig. 2(a).

On the other hand, for the rapid E sweep (f = 100 Hz),
P reversal occurs through the nucleation and propagation of
MFDWs, as displayed in Figs. 2(f) (for H < 0) and 2(g)
(for H > 0). These processes are accompanied by an M
reversal, and the final state should be (P—, M—, M'+).
In contrast to the slow E-sweep case, the application of H
differentiates the final state energy from that of the initial
state due to the Zeeman energy, 2MH. This situation is
schematically depicted in Figs. 2(f) and 2(g) as asymmet-
rically distorted double-minimum potential (blue solid
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FIG. 3 (color online). (a)-(d) P-E loops measured in
H =0, +1, 42, and +3 kOe, respectively, at T =2 K and at
f = 100 Hz (rapid scan). Each loop was measured after prepar-
ing an initial state of (P+, M+, M'+) by an ME poling.
Dotted lines indicate center of the hysteresis loop, corre-
sponding to bias field AE. (e) M-H loop measured
after zero-field cooling at 2 (blue line) and 2.5 K (red line).
Dotted lines correspond to initial curves. (f) Comparison
between |PAE| and MH obtained from P-E loops and M-H
curves (filled symbols). AE, P, M values are the
bias E field at H, saturation value of polarization, and weak-
ferromagnetic moment at each temperature. The dotted line
represents the relation that |PAE| = MH.

curves) in the absence of E, and the energy difference
(QU,) will be totally compensated by the application of
E = AE that satisfies —PAE = MH(= U,), as depicted
with red dashed curves. Therefore, the P-E loop should
be shifted along the E axis by AE =—MH/P. Thus,
the amount of the shift is proportional to H, and its sign
depends on the polarity of H; if the initial state is prepared
to be (P+, M—, M'—) by an ME-poling process, then the
final state after P reversal will be (P—, M-+, M'—), as
displayed with arrows in the bottom planes of the cubes in
Figs. 2(f) and 2(g).

To observe the relation between a bias E field and
Zeeman energy in a more quantitative manner and also
to see whether the bias effect persists even for H > H, we
investigated the H dependence of the P-E loops for
f =100 Hz at 2 K. This experiment was performed at
2 K for the following reasons: At 2.5 K, an available
maximum |E|(<90 kV/cm) in the present experimental
condition prevents us from obtaining a loop with full
polarization and evaluation of the shift of the P-E loops
for H = 1 kOe, while at 2 K, a full polarization loop with
a larger bias effect can be expected due to the reduced
coercive E and the narrower P-E loop as compared with the
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FIG. 4 (color online). (a)-(e) Isothermal electric switching of
the sign of bias field under a fixed H(= +500 Oe) at 2.5 K. An
initial state (P+, M+, M'+) is prepared by an ME poling, and
(a) a full P-E loop is driven at 100 Hz. Then, (b) half a loop is
driven at 0.1 Hz. Next, (c) a full P-E loop is driven at 100 Hz.
Then, (d) half aloop is driven at 0.1 Hz again. After this, (e) a P-E
loop is driven again at 100 Hz. In (a)—(e), open circles indicate
starting points of each P-E loop. (f) P-reversal paths in P-M-M’
phase space at 100 and 0.1 Hz in a positive H. I-V correspond to
each process appearing in (a)—(e). Closed (open) circles indicate
states with lower (higher) energy.

case at 2.5 K. As shown in Figs. 3(a)-3(d) [27], the P-E loop
clearly shifts to a larger E field with negative sign as the
H field is progressively increased. Notably, the loop for
H > +2 kOe, which is apparently larger than H ., displaces
with a large bias E field, locating the origin of the P-E plane
even outside of the loop. By using these P-E data, as well
as the M-H data presented in Fig. 3(e), the experimentally
obtained values of —PAE and MH are compared in
Fig. 3(f). They show relatively good agreement with the
relation that —PAE = MH, validating the interpretation of
the bias effect in terms of the Zeeman energy difference.
The small vertical displacement may be due to some defects
inside the crystal that pin down the magnetic domain wall
of the Fe spin (MFDW). We have also confirmed the
reproducibility and robustness of this bias effect against
E cycling [26].

Next, we demonstrate that the sign of the bias field can
be changed at a fixed temperature, as displayed in Fig. 4, by
fully exploiting the fact that the P-reversal process in this
system depends on the E-sweeping speed. Here, H was
fixed at +500 Oe throughout the experiments. Prior to
the measurements, the initial (P+, M+, M'+) state was
prepared by an ME-poling process. As plotted in Fig. 4(a),
a P-E loop was driven at first for 100 Hz (rapid scan), and
the loop showed a negative bias field, similar to the result
shown in Fig. 2(d). Here, the state of the system changes
between (P+, M+, M'+) and (P—, M—, M'+) [path I in

Fig. 4(f)], and the P+ state coupled with the M+ state has a
lower energy than (P—, M—) under positive H. Then, half a
loop was driven at 0.1 Hz [Fig. 4(b)]. Because this process
is not accompanied by M reversal due to its slow sweeping
speed, the state changes from (P+, M+, M'+) to (P—,
M+, M'—) [path I in Fig. 4(f)]. Again, a full loop was
driven at 100 Hz as shown in Fig. 4(c). At this time, the
initial state P— coupled with M+ has lower energy than
(P+, M—) under positive H, resulting in the opposite sign
of the bias field. Here, the state of the system changes
between (P—, M+, M'—) and (P4, M—, M'—) [path IIT in
Fig. 4(f)]. By driving half a loop again at 0.1 Hz [Fig. 4(d)],
the state changes from (P—, M+, M'—) to (P+, M+, M'+)
[path IV in Fig. 4(f)]. Then, the initial state is recovered,
and the loop at 100 Hz exhibits a negative bias field again
[Fig. 4(e) and path V in Fig. 4(f)]. Thus, by only changing
the sweeping speed of E, all four states can be accessed,
and in turn, the sign of the bias E field can be isothermally
switched without changing the polarity of H.

Apart from its frequency-dependent feature, such a
magnetically tunable, antisymmetric bias effect on the
ferroelectric hysteresis loop is expected to be a generic
feature in ferroelectric ferromagnets where the signs of P
and M are tightly clamped. This effect may bear some
analogy to the bias effect on the ferromagnetic hysteresis
loop known as “exchange bias” [14—16], which is often
observed in the ferromagnet and antiferromagnet [16],
ferromagnet and magnetoelectric [17], and ferromagnet
and multiferroic [18,19] bilayered heterointerface systems
and is useful for practical applications. They essentially
originate from spin exchange interaction at the interface
between the ferromagnetic and antiferromagnetic layers,
which stabilizes a specific M direction in the ferromagnetic
layer. On the other hand, the bias effect on a ferroelectric
loop has seldom been reported thus far, except for that
observed in a Lay 3Sry ;MnO;/BiFeO; bilayer system with
an atomically controlled interface [28]. In this case,
however, the magnitude and the sign of the bias field
are determined beforehand by the built-in potential of the
interface and cannot be modified by an external field. In the
present case, the bias effect originates not from interfacial
but from the bulk magnetoelectric effect, and its magnitude
can be tuned by H, and the sign can be reversed by H or E.
The frequency dependence of the bias effect is dominated
by the dynamical properties of MFDW and FEDW. In the
present case, the crossover frequency for switching on
or off the bias effect may be controlled by, for example,
chemically tuning the anisotropy of the rare-earth moment
that governs the dynamics of the FEDW. The magnetically
tunable, antisymmetric bias effect on a P-E loop as
demonstrated here may add new functionality to ferroelec-
tric ferromagnet systems and lead to further exploration of
emergent electromagnetism in condensed matter.

In summary, we have demonstrated a gigantic and
antisymmetric magnetic-field-induced bias effect on a
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P-E hysteresis loops in a multiferroic Dy, ;Tbg3;FeO3
where M reversal is driven by a rapid E sweeping due
to tight clamping between P and M. The magnitude of the
bias E field can be controlled by H, and its polarity can be
reversed by changing the sign of H or by changing the
relative direction of P and M. The difference in the Zeeman
energy for the +P and —P states coupled with the M states
with opposite sign is ascribed to the origin of the bias effect.
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