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Microscopic origin of magnetic-field �B� induced electric polarization �P� potentially up to near room
temperature has been investigated for helimagnets Ba2�Mg1−xZnx�2Fe12O22 with controlled magnetic aniso-
tropy by revealing B- and x-dependent changes of magnetoelectric responses. As Zn concentration �x� in-
creases, the B-induced P rapidly diminishes, accompanying the change in the magnetic-easy surface from
conical to planar. Possible spin structures are proposed to explain the observed B dependence of P in terms of
the spin-current model. The results indicate the important role of magnetic anisotropy in the B-induced ferro-
electric state of this class of helimagnets.
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The strong coupling between magnetization and electric
polarization in a solid is currently of great interest in light of
the off-diagonal response against external fields. The discov-
ery of a gigantic magnetoelectric �ME� effect in TbMnO3
and the subsequent studies have established the fact that a
spiral spin order and the accompanied lattice distortion
cause symmetry breaking and produce a ferroelectric
polarization.1–6

Considering the spin current, Katsura et al.7 derived the
microscopic relation between the electric polarization vector
p and the noncollinearly aligned, neighboring spins si and s j,
which is given by p=Aei,j��si�s j�, where ei,j denotes the
unit vector connecting the spins, si and s j. A is a constant
which depends mainly on the exchange interaction and the
spin-orbit interaction.7,8 This relation can be considered as an
inverse effect of the Dzyaloshinski-Moriya interaction, when
the inevitable lattice distortion is taken into account.9,10 Ac-
cording to this relation, cycloidal and transverse conical he-
limagnets, the screw axis of which is perpendicular to the
propagation vector k0�ei,j =k0 / �k0��, are allowed to have a
ferroelectric polarization P=�i,jAk0��Si�S j� / �k0�. As for
proper screw and longitudinal conical helimagnets, the screw
axis of which is parallel to k0, the transverse conical spin
structure can be stabilized to yield a finite P with the appli-
cation of magnetic field �B� nonparallel to k0, as demon-
strated in ZnCr2Se4 �Ref. 11� and Ba2Mg2Fe12O22.

12

While the rich magnetic phase diagrams of the spin-
frustrated materials allow us to explore a gigantic ME re-
sponse, the available temperature or field ranges are far from
what is necessary for practical applications. Y-type hexafer-
rites have great potential to overcome such limitations.13

Ba0.5Sr1.5Zn2Fe12O22 has an exceptionally high ordering tem-
perature of about 320 K for a proper-screw phase and shows
magnetic phase transitions upon application of B perpendicu-
lar to the propagation vector k0���001��.14 Kimura et al.13

found that one of the B-induced phases has a ferroelectric
polarization P perpendicular to both k0 and B. However, the
emergence of P requires application of B larger than 0.25 T,
and the relation has not been very clear between P and either
the fanlike spin structure proposed for the ferroelectric

phase14 or the helimagnetic structure at zero field.
Recently, it was found that an isostructural helimagnet

Ba2Mg2Fe12O22 has ferroelectric phases in the very low-field
region, named FE1 and FE2, additionally to the phase at
around 1 T, named FE3 phase.12,15 As shown in Fig. 1�a�,
magnetically ordered states can be described by the alternate
stacking of the L block with the large magnetic moments and
the S block with the smaller magnetic moments �the spins are
aligned ferrimagnetically in each block�. This material un-
dergoes transitions from a collinear ferrimagnetic phase to a
proper-screw phase �Fig. 1�b�� at 195 K and to a longitudinal
conical phase �Fig. 1�c�� at around 50 K. The presence of the
uniform magnetization associated with the conical spin state
makes the Zeeman energy in a small magnetic field more
important than the anisotropy energy and, therefore, enables
the low-field �as weak as 30 mT� control of spin helix and,
hence, the P vector.12,16
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FIG. 1. �Color online� �a� Schematic crystal structure of
Ba2�Mg1−xZnx�2Fe12O22. �b�–�d� Illustrations of helicoidal magnetic
structures consisting of alternate stacks of the L blocks �having the
larger magnetic moments� and S blocks �having the smaller mag-
netic moments� with a propagation vector k0 along the c axis; �b�
proper screw, �c� longitudinal conical, and �d� transverse conical
spin structures.
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Despite these advantages of the Y-type hexaferrites, there
remain uncertainties regarding the relation between the fer-
roelectricity and the magnetic properties, especially the mag-
netic anisotropy. To solve the problem, a solid solution
Ba2�Mg1−xZnx�2Fe12O22 was prepared; the series shows a
systematic change in the magnetic ground state17 from the
collinear ferrimagnetic state for x=1 to the conical state for
x=0 �see also Fig. 2�a��. This change reflects the difference
of the preferential sites between Mg and Zn, leading to the
different distribution of Fe3+ ions over tetrahedral and octa-
hedral sites. Actually, neutron-diffraction studies have re-
vealed that Mg2+ ions prefer octahedral sites, whereas the
Zn2+ ions occupy only tetrahedral sites.17–19 Depending on
the magnetocrystalline anisotropy at each crystallographic
site, the magnetic-easy direction of the Y-type hexaferrites
can be uniaxial, planar, or even conical.20 In this Rapid Com-
munication, we present a systematic study of the ME prop-
erties of Ba2�Mg1−xZnx�2Fe12O22 to provide insight into the
relation between conical spin structures and P. We have
found that the presence of the magnetic-easy conical surface

plays an important role for the ferroelectricity associated
with transverse conical spin structures in the helimagnetic
hexaferrites.

Single-crystalline samples of Ba2�Mg1−xZnx�2Fe12O22
were grown by a flux method as described in Ref. 17. For the
measurements of P, gold electrodes were deposited on both
the end faces of the rectangularly shaped crystals. The poling
procedure can be found in Ref. 12. The displacement current
was integrated as a function of time to obtain the P value.
The magnetic properties were measured with a supercon-
ducting quantum interference device �SQUID� magnetome-
ter.

Figure 2 summarizes the magnetic and electronic proper-
ties of Ba2�Mg1−xZnx�2Fe12O22 as a function of the Zn con-
centration �x�. The transition temperatures from a collinear
ferrimagnetic to a proper screw and to a longitudinal conical
phase were determined from the temperature-dependent
magnetization measured upon decrease in temperature �Fig.
2�a��. The essentially same phase diagram apart from the
conical phase has been reported by Momozawa et al.17 The
open squares and triangles connected with dotted lines in
Fig. 2�b� represent the moments for the L block �mL� and the
S block �mS�, respectively, which were calculated with the
assumptions that each Fe3+�S=5 /2� ion has the magnetic
moment of 5�B and that the obtained solid solutions have the
same x dependence of cation distribution as those reported in
Ref. 17. A systematic change in the saturation magnetization
along �100��Ma

5 T� with the increase in x, which is in good
agreement with thus calculated value of mL−mS, ensures suc-
cessful syntheses of the single-crystalline solid solution
Ba2�Mg1−xZnx�2Fe12O22. All the compounds are in the collin-
ear ferrimagnetic state at 5 T �Figs. 3�i�–3�l��.

In addition to the magnetic transition temperatures �Fig.
2�a�� and Ma

5 T �Fig. 2�b��, Zn doping systematically changes
the cone angles at zero field ��� and at B=0.5 T ��� parallel
to �100� at 5 K, as shown in Fig. 2�c�. � was estimated from
the remnant magnetization along �001� �cos �=Mc

0 T /Mc
5 T�

and � was estimated from the ratio of the magnetization
along �100� �cos �=Ma

0.5 T /Ma
5 T�.21 The turn angle � be-

tween the adjacent L �or S � blocks at 5 K, taken from the
Ref. 17, is also appended for reference �Fig. 2�c��. The
x-dependent changes in � and � reflect the variation in the
magnetic anisotropy; the increase in the Zn concentration
stabilizes the easy-plane anisotropy and consequently desta-
bilizes the longitudinal conical spin structure. Since the
single-ion anisotropy is expected to be different depending
on the local symmetry, the change in the magnetic anisotropy
in Ba2�Mg1−xZnx�2Fe12O22 as a function of x can be ascribed
to the difference in the preferential site for Mg and Zn and
resultant variation in the Fe occupation.

The ME phase diagrams �Figs. 3�i�–3�l�� of
Ba2�Mg1−xZnx�2Fe12O22 were determined by magnetization
curves measured on increasing B along �100�, as shown in
Figs. 3�e�–3�h�. The phase boundaries determined by the po-
larization measurements are also plotted. The FE3 phase at
around 1 T exists robustly against the Zn doping. Thus, it is
natural to assume that the magnetic structure of the
FE3 phase is essentially similar to that of the ferroelectric
phase having a commensurate propagation vector in
Ba0.5Sr1.5Zn2Fe12O22.
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FIG. 2. �Color online� Zn-doping �x� dependence of various
physical properties of Ba2�Mg1−xZnx�2Fe12O22 single crystals. �a�
T-x magnetic phase diagram �the inset shows representative M-T
curves measured under a magnetic field �B� of 0.01 T along �001��,
�b� saturation magnetization Ma

5 T measured with B of 5 T along
�100� and the calculated values of mL, mS, and mL−mS, �c� cone
angles of the longitudinal conical ��� and the transverse conical ���
spin structures, the turn angle ��� reproduced from Ref. 17, and �d�
electric polarizations �P� at 0.03 and 0.5 T. P at 0.03 T was mea-
sured after sweeping B across zero field.
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Figures 3�a� and 3�b� are representatives of the polariza-
tion curves measured with sweeping B from −0.5 to 5 T. As
exemplified in Fig. 3�a� for the case of x=0.1, P increases in
a stepwise manner as the phase changes as FE1→FE2
→FE3 and then decreases with further increasing B in the
FE3 phase. The asymmetry of the P-B curves for x
=0.1–0.3 in Figs. 3�b�–3�d� reflects the strong hysteretic na-
ture of the B-induced magnetic phase transitions; i.e., the
FE3 phase widely prevails close to B=0 T in the negative B
region, preventing a quantitative discussion for the magni-
tude of P in the FE1 phase. For x=0.1 �Fig. 3�b��, while P at
−0.5 T remains almost the same with increasing temperature
up to 20 K, its absolute value after sweeping B across the
phase transitions drastically decreases when the temperature
is elevated above 15 K. The significant decay of P upon
sweeping B can be ascribed to the first-order nature of the
transitions because it depends whether or not the spin helic-
ity remains the same on traversing the first-order transition.
Nevertheless, P appears to be conserved upon the B-induced
phase transitions at 5 K, implying the presence of complex
mechanisms such as the frozen domain-wall motion for the
conservation of P. As x is increased �Figs. 3�c� and 3�d�� the
polarization value at −0.5 T itself becomes smaller, and the
polarization reversal tends to be possible only at lower tem-
peratures.

For x=0 and 0.1, the behavior of the polarization as func-
tions of field and temperature is very similar. As shown in
Fig. 2�d�, however, when the Zn concentration x increases, P
at 0.03 �FE1� and 0.5 T �FE3� at 5 K show drastic changes
near x=0.3 and vanish in the range where x�0.4. Thus x
=0.4 is the critical composition for the disappearance of fer-
roelectricity in Ba2�Mg1−xZnx�2Fe12O22, which is likely due
to the destabilization of the transverse conical state associ-

ated with the change in the magnetic anisotropy from conical
to planar.

Next, we will discuss possible models for the FE3 phase.
Figures 4�a�–4�d� show the B dependence of P for
Ba2�Mg1−xZnx�2Fe12O22 at 5 K and the calculated values
based on the models �illustrated on the right side�. Taking
into account the neutron-diffraction studies for essentially
the same phase in Ba0.5Sr1.5Zn2Fe12O22,

14 the same commen-
surate propagation vector, k0= �003 /2	 with two-time period-
icity, is adopted for both models A and B. Although the
model proposed by the neutron-diffraction studies is a fan-
like spin structure with all spins lying on the c plane, we
consider that some of the spins should be out of the c plane
so that a finite P may appear along �120�. Thus, both models
can be regarded as a kind of transverse conical spin struc-
tures with the two-time periodicity. Given that the exchange
interaction is a dominant factor for the helimagnetic struc-
ture, it is reasonable to assume that all the ferroelectric
phases �FE1–3� have a transverse conical spin structure and
that the magnetic periodicity changes upon the change in the
cone angle so as to minimize the loss of the exchange inter-
action energy. In the case of model A, the spins in the S
blocks are slightly canted out of the c plane while the spins
in the L blocks are lying on it. On the other hand, the spins in
model B are constrained to lie on the longitudinal conical
surface �drawn by the dotted lines� which are the magnetic-
easy surface.

On the basis of the spin-current model, we derived the
relations, P�mSmL sin2 � and P�mSmL cos ��sin2 �
−cos2 ��1/2 for models A and B, respectively. Here, � is es-
timated from the relation of �=arccos�Ma

B /Ma
5 T�. The plots

in Figs. 4�a�–4�d� demonstrate that model B gives a better fit
to the P-B curves than model A. This indicates the impor-
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FIG. 3. �Color online� �a�
Magnetic-field �B� dependence of
electric polarization in
Ba2�Mg0.9Zn0.1�2Fe12O22 at 5, 10,
and 15 K. The broken lines indi-
cate phase boundaries. �b�–�d� Re-
versal and decay of electric polar-
ization by a sweep of B along
�100�. The data were collected on
sweeping B from −1 to 5 T along
�100� �the data are shown for B
�−0.5 T�. �e�–�h� Selected mag-
netization curves �for clarity, each
magnetization curve except for at
5 K is shifted upward by 2�B / f.u.
and �i�–�l� ME phase diagrams as
a function of B along �100�. Cross
marks and open symbols represent
anomalies in the magnetization
and polarization data, respec-
tively. FE1–FE3 denote three
ferroelectric phases and PE corre-
sponds to a paraelectric phase
having the collinear ferrimagnetic
structure.
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tance of the magnetic-easy conical surface for the B-induced
transverse conical spin structure. The deviation between the
model and the experimental data is expected to be reduced
by considering the lattice degrees of freedom coupled to P,
which is not involved in our models but is in reality very
important.22,23 The presence of the magnetic-easy conical
surface in Ba2Mg2Fe12O22 is compatible with the experimen-
tal fact that the FE3 phase suddenly disappears when the
direction of B is deviated from the c plane by more than 15°
at 5 K,12 which can be explained by a transition from the
transverse conical to the longitudinal conical spin structure.
To ascertain the validity of these models, neutron-diffraction
measurements under magnetic fields are indispensable.

In summary, we have investigated the B-induced polariza-
tion of Ba2�Mg1−xZnx�2Fe12O22 and discussed the relation be-
tween the magnetism and the ferroelectricity. The increase in
Zn concentration results in destabilizing the longitudinal
conical spin structure in zero field as well as the transverse
conical spin structure in transverse magnetic fields and,
hence, the ferroelectricity. The semiquantitative analyses
based on the spin-current model have yielded a link between
them, that is, a possible magnetic structure for the FE3 phase
and the electric polarization. This work provided a compre-
hensive survey of the ME effect in the helimagnetic hexafer-
rites and showed a possibility of the improvement of the
effect by controlling the magnetic anisotropy.
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FIG. 4. �Color online� �a�–�d� Magnetic-field �applied along
�100�� dependence of electric polarization of
Ba2�Mg1−xZnx�2Fe12O22 at 5 K. The data above and below 1 T were
taken by increasing and decreasing the magnetic field, respectively.
The solid and broken lines represent the calculated values, assum-
ing models A and B, respectively. Schematic magnetic structures of
models A and B are shown in the right side, together with their
simplified illustrations viewed along the screw axis �100�. In model
B, the angles which the L spin �S spin� makes with �100� and �001�
are ��	−�� and � or 	−� �� or 	−��, respectively.
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