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The origin of a room-temperature magnetoelectric (ME) effect has been examined by means of neutron
powder diffraction measurements for a Z-type hexaferrite Sr;Co,Fe,,O,4;. The temperature and magnetic-
field dependence of the electric polarization P and several magnetic Bragg reflections show that a

commensurate magnetic order with a (0,0,1) propagation vector has an intimate connection with the ME

effect. The room-temperature ME effect can be understood in terms of the appearance of P which is
induced by a transverse conical spin structure through the inverse Dzyaloshinskii-Moriya mechanism in

analogy with Y-type hexaferrites.
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In the past decade, there has been a huge revival of
interest in multiferroics showing both magnetic and
ferroelectric orders simultaneously [1,2]. In a class of
multiferroic systems in which ferroelectricity is induced
by a noncollinear spin arrangement, the application of a
magnetic field H causes a drastic change in electric polar-
ization P, namely, giant magnetoelectric (ME) effects [3].
The operating temperatures and magnetic fields have typi-
cally been less than 30 K and more than 1 T, which limits
applications in technologies. Very recently, however, it has
been discovered that a Z-type hexaferrite Sr;Co,Fe,;Oy;
(SCFO) shows ME effects even at room temperature by
applying a low H [4]. This discovery is important from an
application standpoint because the ferroelectricity can be
controlled with a small H under ambient temperature T
conditions. To point out a route toward generalization of
the promising ME effect, it is necessary to clarify the
underlying mechanism.

Hexaferrites are classified into several types [5,6], of
which the Y-type and the Z-type hexaferrites have been
reported as magnetoelectrics [4,7,8]. As drawn in Fig. 1,
the Y-type hexaferrite is formed by S- and 7-blocks while
the Z-type hexaferrite is formed by S-, 7-, and R-blocks.
For the Y-type hexaferrites, such as (Sr, Ba),Zn,Fe;,0,,,
the ME effect can be observed only up to ~110 K [7].
The relationship between the ME effect and the
magnetic structure has been well discussed based on neu-
tron diffraction results of single crystal samples of the
Y-type hexaferrite [9,10]. These neutron studies reported
that the proper-screw or longitudinal conical spin structure
changes to the transverse conical structure in which the
magnetic unit cell is composed of two large () and two
small (;g) moments by applying H along the c plane, as
shown in Fig. I(a). In the transverse conical structure,
finite P can be induced by its cycloidal component
in terms of the spin-current or inverse Dzyaloshinskii-
Moriya (DM) mechanism [11,12]. Thus, the ME effect
in the Y-type hexaferrites has been explained by these
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mechanisms [8—10]. In the case of the Z-type hexaferrite,
no information on the magnetic structure related to the
ME effect has been reported to date. Thus, the origin of the
ME effect of the Z-type hexaferrite is still unclear. In
this study, powder neutron diffraction was carried out
over wide T and H ranges on the Z-type hexaferrites
(Sr, Ba);Co,Fe 04 to examine the mechanism for the
low-field ME effect operating at room temperature. By
considering the comparison with the Y-type hexaferrite
and the difference between SCFO and Ba;Co,Fe,;Oy4
(BCFO), we found that both the 7 and H profiles of the
ME effect are closely related to the transverse conical
structure with a (0,0,1) propagation vector.
Polycrystalline samples of SCFO and BCFO were pre-
pared by the solid-state reaction [13]. Neutron scattering
measurements were carried out on the obtained polycrys-
talline samples using the ISSP triple axis spectrometers
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FIG. 1 (color online). Schematic crystal and proposed mag-
netic structures of (a) Y-type and (b) Z-type hexaferrites. In the
Y-type hexaferrite, the proper-screw or longitudinal conical
magnetic structure transforms into the transverse conical one
which allows finite P by applying H along the ¢ plane [9,10].
When the additional block is inserted into the Y-type hexaferrite,
the Z-type structure is obtained.
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PONTA and HQR installed at JRR-3 of JAEA, Japan. To
compare the neutron scattering results with macroscopic
magnetic and ME properties, magnetization M and P were
also measured. Details of the experiments are described in
Ref. [13].

The first step was to search for T-dependent diffraction
peaks in the absence of H. Figure 2(a) shows neutron
powder diffraction (NPD) patterns of SCFO measured at
T = 150 and 566 K. For the data at 566 K, which is below
the magnetic ordering temperature (= 670 K), a Rietveld
analysis [14] was carried out using the space group
P6;/mmc and the ferrimagnetic structure reported by
Tachibana and co-workers [15,16]. As shown in Fig. 2(a),
the profile at 566 K is well explained by these chemical and
magnetic structures. Compared with the NPD profile at
566 K, additional peaks evidently exist at 150 K: 00/,
reflections (I, = odd), which are forbidden in the space
group P6;/mmec. In addition, intensities of 00/, Bragg
reflections (/, = even) are enhanced in the profile at
150 K. As shown in the inset of Fig. 2(a), the 00/, reflec-
tions appear below 400 K and increase in intensity with
decreasing 7. Since these additional reflections are not
observed in x-ray powder diffraction measured at room
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FIG. 2 (color online). Neutron powder diffraction (NPD) pat-
terns of (a) SCFO and (b) BCFO measured at two temperatures.
Major Bragg positions are indicated by arrows and indices of the
space group P6;/mmec. In the data taken at 566 K of SCFO, the
calculated curve obtained by the Rietveld fitting with the space
group P63;/mmc and the ferrimagnetic structure [15,16] is
shown by the solid curve. At the bottom of (a), the Bragg
positions are indicated by the vertical lines and the difference
between the observed and calculated data is also shown. The
insets show NPD patterns around the 009 reflection at various
temperatures.

temperature [4], we conclude that they are the magnetic
reflections characterized by the magnetic propagation
vector ¢,, = (0,0, 1), indicating that 00[, corresponds
with =(0, 0, 1) satellite points of 001,.

The magnetic scattering on the (0, 0, L) line and that on
the (1, 0, L) line are affected by different components of the
magnetic ordering from the magnetic scattering because
neutrons are scattered by magnetic moments perpendicular
to the scattering vector. The O0L and 10L magnetic inten-
sities provide the amplitude of the ordered moments par-
allel to the ¢ plane and to the (10L) plane containing a
finite c-axis component, respectively. Here, we focus on
the 008 and 009 magnetic reflections to study the in-plane
magnetic structure and on the 100, 101, and 102 magnetic
reflections observed around 26 =~ 26.5° to study the out-of-
plane component of the magnetic structure. Since the latter
three reflections are too close to each other, we call them
“10L peak.”

Figure 3(a) shows the T profiles of the peak intensity of
the 10L peak and the integrated intensities of the 008 and
009 reflections in SCFO measured at H = 0. The nuclear
components of the 10L peak (17o;) and the 008 reflection
(ngog), which were estimated by the Rietveld analysis for
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FIG. 3 (color online). (a) T dependence of the peak intensity of
the 10L peak and the integrated intensities of the 008 and 009
reflections estimated from the neutron profiles of SCFO and
BCFO. The nuclear components of the 10L peak (1, ) and the
008 reflection (nqog) are shown by gray lines. (b) T dependence
of M and P, for the polycrystalline samples of SCFO and
BCFO. The P, values of BCFO are multiplied by 5 for
presentation. Inset: The integrated intensities of the 00/, mag-
netic reflections observed at 25 K in SCFO are compared with
those calculated using the transverse conical structure shown in
Fig. 1(b).
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the 566 K data, are also shown. As T decreases from 640 to
500 K, the intensity of the 10L peak increases rapidly
while the 008 reflection has no change. As T drops from
500 to 430 K, the intensity of 10L decreases slightly and
that of 008 increases, showing an increase of the c-plane
component of the ordered moment in this 7" range. In our
Rietveld analyses using the ferrimagnetic structures re-
ported in Refs. [15,16], the angles of the moments from
the ¢ axis were estimated to be 0.0° and 50.5° at 566 and
460 K, respectively. By considering both the T dependence
of M shown in Fig. 3(b) and the neutron intensities, we
found that the ferrimagnetic ordering with the moments
along the ¢ axis occurs at 670 K with decreasing 7 and that
the magnetic moments are rotated towards the ¢ plane
below 500 K. With further decreasing 7, the 009 reflection
appears below 400 K even though the intensities of the 008
and 10L magnetic reflections remain unchanged, meaning
that a new magnetic structure which breaks P6;/mmc
symmetry is established below ~400 K.

To elucidate the effect of H on the magnetic structure
which develops below ~400 K, the magnetic reflections of
SCFO were measured as a function of H at 10 and 300 K.
The results are summarized in Fig. 4(a). As shown in the
inset of Fig. 4(a), significant changes in the neutron in-
tensities were observed by applying H. The main panel

(a) SI‘;COZFC; O % ;

60 +

o8]

)

Intensity ( 10°counts/30 sec)

(=1

30 +

Intensity (arb.units)

® 008-10K
A 10L-10K
| ™ 009-10K
X 009-300K
T T

(oy/a)

FIG. 4 (color online). (a) H dependence of the peak intensity of
the 10L peak and the integrated intensities of the 008 and 009
reflections estimated from the neutron profiles of SCFO. The inset
shows the NPD profiles around the 008 and 009 reflections at
several magnetic fields. (b) H dependence of M and P for the
polycrystalline samples of SCFO and BCFO at several tempera-
tures. The P values of BCFO are multiplied by 5 for presentation.

shows the H dependence of the 008 and 009 integrated
intensities as well as the 10L peak intensity at 10 K. The
intensities of the 10L and 008 reflections increase with
increasing H and are saturated above 3 T. By contrast, the
intensity of the 009 reflection decreases and disappears
above 3 T, indicating that the magnetic structure having
the (0,0,1) propagation vector exists only below 3 T. The
integrated intensity of the 009 reflection taken at 300 K up
to 0.8 T using the electromagnet is also shown in Fig. 4(a),
which demonstrates that the 009 reflection has a similar H
dependence even at room temperature.

To clarify the connection between the magnetic ordering
and the ME effect in SCFO, we examined the 7 and H
dependence of P. Figure 4(b) shows P as a function of H at
several temperatures. At all the temperatures, P develops
rapidly by applying H, shows a broad peak structure
around 0.5 T, and becomes almost zero above 3 T. Both
the critical magnetic field and the magnitude of P are larger
than those reported previously [4]. We believe that the
change in the postannealing procedure [13] makes the
effects on the critical field and the magnitude of P. In
fact, it has been reported that the critical field in a ME
Y-type Bag 5Sr; sZn,Fe ,0,, strongly depends on the an-
nealing procedure [17]. The maximum value P,,,, obtained
from the H dependence of P at each T is plotted in
Fig. 3(b). The H-induced P, that is, the ME effect, is
observed up to 400 K. The T-H regions showing the ME
effect coincide with those with finite 00/, magnetic reflec-
tions. This correlation is also observed in BCFO. In BCFO,
the 009 magnetic Bragg peak is observed only below 200 K
[Figs. 2(b) and 3(a)], and finite P was also observed in the
same T range [Fig. 3(b)]. Based on these results, we
conclude that the magnetic structure characterized by
q,, = (0,0, 1) is the origin of the ME effect in the Z-type
hexaferrite system.

As stated in the introduction, some Y-type hexaferrites
also show the ME effect [7,8], which is understood as the
result of the inverse DM interaction [9,10]. Here, we dis-
cuss whether the ME effect in the Z-type hexaferrites is
also explained by the same mechanism. In the H-induced
ME phase of the Y-type hexaferrites, the magnetic struc-
ture is the transverse conical structure with the commen-
surate propagation vector (0, 0, 3/2) [9,10], as illustrated in
the right-hand panel of Fig. 1(a). In this structure, the
magnetic moment u g, centered at a 7-block, forms a phase
7 from the neighboring wg. For the Z-type structure, the
similar transverse conical spin structure illustrated in the
right-hand panel of Fig. 1(b), that is, the antiphase arrange-
ment of the magnetic moments between neighboring
T-blocks, is characterized by g¢,, = (0,0, 1). This is be-
cause the chemical stacking of the P6;/mmc Z-type
(ABAB...) is different from that of the R3m Y-type
(ABCABC...). This magnetic structure is also able to pro-
duce P through the inverse DM interaction, and the propa-
gation vector is the same as that observed experimentally.
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Furthermore, we carried out the magnetic structure analy-
sis. The inset of Fig. 3(a) shows the integrated intensities of
the 00/, magnetic reflections observed at 25 K (/) with
respect to those calculated for the transverse conical struc-
ture shown in Fig. 1(b) (/). The observed and calculated
results agree very well, which indicates that the proposed
transverse conical structure is consistent with the experi-
mental result. In addition to the inverse DM mechanism,
the symmetric-type magnetostriction may cooperatively
contribute to P in the present spin-spiral Z-type hexafer-
rites, as pointed out in Ref. [18]. However, a detailed
theoretical calculation is needed to test such cooperative
contributions.

For a system with a conical structure, the cone angle and
the easy axis of magnetization are usually changed by
applying H. The disappearance of the 009 reflection and
the saturation of the 008 reflection above 3 T, which are
shown in Fig. 4(a), indicate that the conical structure trans-
forms into a collinear ferrimagnetic structure. This agrees
with the H dependence of M shown in Fig. 4(b). In
this scenario, the cycloidal component disappears above
3 T, which is also consistent with the disappearance of
P above 3 T in the framework of the inverse DM mecha-
nism. Therefore, the inverse DM mechanism through the
transverse conical spin structure shown in Fig. 1(b) is the
most probable mechanism of the room-temperature ME
effect in the Z-type hexaferrite SCFO. This idea is sup-
ported by the results on BCFO, in which both the 00/,
magnetic Bragg reflections and the electric polarization
sustain only up to ~200 K and are almost 1 order of
magnitude smaller than those in SCFO. This means that
the magnetic frustration which stabilizes the conical struc-
ture in BCFO is smaller than that in SCFO. One drawback
for the inverse DM interpretation is the suppression of P
around H = 0, where the 00/, reflections remain intact, as
shown in Fig. 4. A similar significant change in P without
any change in ¢,, was also observed in the Y-type hexa-
ferrite, which has been discussed in terms of the rotation of
the cycloidal moments [10]. We speculate that the similar
moment rotation and/or the formation of magnetic domains
occur at very low H.

Finally, let us comment on a possible explanation of why
the Z-type SCFO shows the spiral spin order and the
resultant magnetoelectric effect at higher T with respect
to the Y-type hexaferrites. In Y-type Ba,_ .Sr,Zn,Fe ,0,,,
the enhancement of the spiral transition temperature
has been discussed in terms of the change in the super-
exchange interaction between two Fe sites crossing the
boundary between blocks forming x; and ug [19]. Since
Ba (or Sr) ions are located near these two Fe sites, the
substitution of small St for large Ba causes the change in the
Fe-O-Fe bond angle ¢ near the boundary (e.g., ¢ = 113°
in BaQanFenOzz and ¢ = 118° in BaO_SSrLSanFelezz)
[19]. The increase of ¢ causes the magnetic frustration at
the boundary, and then stabilizes a noncollinear spiral spin

structure. This discussion can also be applied to the Z-type
hexaferrites in which ¢ of BCFO and SCFO is 116° and
123°, respectively [20]. When we compare ¢ between the
Z-type SCFO and the Y-type BajsSr;sZn,Fe ,0,,, the
former is larger than the latter by ~5° and may enhance
the magnetic frustration. We speculate that this large ¢ of
SCFO stabilizes the spiral magnetic order and contributes
to its higher magnetoelectric performance. This suggestion
will help in designing more advanced ME hexaferrites.

In conclusion, neutron powder diffraction studies were
carried out on a Z-type hexaferrite Sr;Co,Fe,;O4; having
the room-temperature magnetoelectric effect. We confirmed
a close relationship between the magnetic-field-induced
electric polarization and the magnetic Bragg reflections
with the propagation vector of (0,0,1). The magnetic reflec-
tions can be ascribed to a transverse conical spin structure
which allows finite polarization in terms of the inverse
Dzyaloshinskii-Moriya mechanism. Our results provide a
natural explanation of the magnetoelectric effect in the
Z-type hexaferrite.
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