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Magnetism and magnetoelectricity of a U-type hexaferrite Sr;Co,Fe;50¢
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We report on structural, magnetic, and magnetoelectric (ME) properties of a U-type hexaferrite
Sr,Co,FescO, prepared by solid state reaction. Samples sintered at 1150—1180 °C in oxygen
contain the fewest impurity phases and show highly insulating behavior. Powder neutron diffraction
results reveal that a commensurate magnetic order with a (0,0,3/2) propagation vector develops
below Ty, ~350 K. Corresponding to the appearance of the magnetic order, the sample shows a
small ME effect. These results suggest that Sr,Co,Fes;cOq is a room-temperature ME material in
which the origin of the ME effect is similar to those of other ME hexaferrites. © 2011 American

Institute of Physics. [d0i:10.1063/1.3593371]

Ferrites, magnetic oxides containing iron as major
metallic component, have contributed greatly to tech-
nological applications because of their room-temperature
ferromagnetic and insulating plropelrties."2 Among such
ferrites with various structures (e.g., spinels and garnets),
ferrites with hexagonal structures, called hexaferrites, have
long been used for permanent magnets and are of interest
for microwave applications. The hexaferrites are classified
into six main types depending on their chemical formulas
and crystal structures: M-type (Ba,Sr)Fe;;0,9, Y-type
[(Ba,Sr);MesFe,0],  W-type  [(Ba,Sr)Me,Fe40,7],
Z-type [(Ba,Sr);Me,Fe 0441, X-type [(Ba,Sr),Me,
XFeyn0y46], and U-type [(Ba,Sr);Me,FeiOqp] (Me
=divalent metal ion)."”* Their crystal structures can be de-
scribed as stacked sequences of the basic blocks: S (spinel
block), R [(Ba,Sr)Fec0,,]*", and T (Ba,Sr),FegO,,. For
example, the Y-type structure can be considered as an alter-
nating stacking of the S and the T blocks along the hexagonal
c axis.

Recent discoveries of low-field magnetoelectric (ME) ef-
fects in some Y-type and M-type hexaferrites”™ have ignited
renewed interest in the study of hexaferrite materials. Fur-
thermore, a Z-type hexaferrite Sr;Co,Fe,,0,4; has been found
to exhibit a low-field ME effect at room temperature.w’11 In
this letter, we report on structural, magnetic, and ME prop-

erties of a U-type hexaferrite SryCo,Fe;cO¢y. The U-type

structure'* ™ with the space group R3m can be described as

the sequence (RSR*S*TS*);, where the (*) symbol means
that the corresponding block turns 180° about the hexagonal
c axis. We found that polycrystalline samples prepared by the
solid state reaction show a small but finite ME effect up to
~350 K, meaning that the U-type hexaferrite is a new
room-temperature ME material.

Polycrystalline samples of Sr,Co,Fe;sO¢, were prepared
by the following procedures. First, powders of SrCOs;,
Co30,, and Fe,O; were weighed to the prescribed ratios,
mixed and well ground. The mixture was calcined at
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1000 °C for 10 h and then pulverized. The resulting powders
were put into rubber-walled tubes and isostatically cold-
pressed under 40 MPa into rods (about 6 mm in diameter and
5 c¢m in length). The obtained rods were sintered for 16 h at
1150 or 1180 °C in air or in a flow of oxygen. Subsequently,
they were slowly cooled down to room temperature for
about 22 h in the oxygen atmosphere. Powder x-ray diffrac-
tion (XRD) measurements on the obtained specimens were
carried out using Cu K« radiation. For measurements of
magnetization M and ME effect, the sintered rods were cut
into thin plates with typical dimensions of ~40 mm?X
~0.5 mm. The M was measured with a commercial magne-
tometer. For measurements of the electric polarization P, sil-
ver electrodes were evaporated onto the widest faces of the
specimens. The magnetic-field B dependence of P was ob-
tained by measurements of ME current.

Figure 1 shows powder XRD patterns of the obtained
samples. Powder XRD data of Z-type Sr;Co,Fe,,O4; (Ref.
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FIG. 1. (Color online) Powder XRD patterns of samples sintered at 1150
and 1180 °C in air and in a flow of oxygen. XRD data of Z-type
Sr;Co,Fe, 04, are also shown for comparison. The rectangles at the bottom
represent the calculated peak positions for the U-, Z-, M- , and X-type
structures.
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(a)

10) as well as the calculated peak positions for the U-, Z-,
M-, and X-type structures are also shown for comparison. In
the samples sintered in both air and oxygen atmosphere,
most of the peaks can be indexed on the U-type structure

with the space group R3m and lattice parameters a
=5.86 A and c=112.3 10\, which demonstrates that the ma-
jority phase of these samples is U-type Sr,Co,Fe;cOg,. There
are some impurity-peaks which can be indexed by the M- or
X-type structure. However, no Z-type phase was observed as
an impurity phase in our experimental resolution.

Pulverized specimens obtained from the sample sintered
at 1150 °C in oxygen were examined using a transmission
electron microscope (TEM) (JEM 2100F, JEOL Ltd., Tokyo,
Japan). We obtained electron diffraction (ED) patterns and
high-angle annular dark-field scanning TEM (HAADF-
STEM) images for a total 11 grains. The results showed that
all of the grains have the well-defined U-type structure. Fig-
ure 2 displays a typical ED pattern and HAADF-STEM
image taken along the [110] zone-axis direction. In the
HAADF-STEM image, heavy atoms such as Sr emerge as
bright spots. Thus, the image is in good agreement with the
U-type structure illustrated in the right panel of Fig. 2. Fur-
thermore, no stacking fault or intergrowth was observed in
the U-type grains, which was also evidenced by the absence
of streaks in the ED pattern.

To investigate magnetic properties of the U-type
SrsCo,Fes0gp, powder neutron diffraction (ND) measure-
ments were carried out using an ISSP triple axis spectrometer
PONTA (incident neutron energy E;=14.7 meV). The
sample sintered at 1180 °C in air was set in an Al can filled
with thermal exchange He gas, which was attached to the
head of a Displex type refrigerator equipped with a high-
power heater. Figure 3 shows ND patterns measured at 20,
450, and 650 K. Here, we focus on three prominent peaks at
260~=21.5° 23.5°, and 26.7°. Considering the U-type struc-
ture, the 21.5° and 23.5° peaks are located at the 0018 and
0019.5 positions, respectively. The 26.7° peak corresponds to
the 100, 101, 102, and 103 reflections. Since these four re-
flections are too close to each other, we term them “10L

Appl. Phys. Lett. 98, 212504 (2011)

FIG. 2. (Color online) (a) [110] zone-axis ED pattern of
Sr,Co,Fe;,0¢, at room temperature. (b) Atomically re-
solved HAADF image taken along the [110] direction.
A schematic drawing of the corresponding crystal struc-
ture is shown on the right side.
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peak.” Temperature (7) profiles of the peak intensities of
these reflections are displayed in the inset of Fig. 3. For
comparison, the M-T curve measured at 0.01 T is also
shown. The M-T curve exhibits a steep rise of M toward
lower temperatures at Ty; ~ 690 K where the 10L peak rap-
idly increases. As T decreases down to ~370 K, the inten-
sity of the 10L peak increases while those of 0018 and
0019.5 remain negligibly small. These results suggest that a
ferrimagnetic ordering occurs at Ty and that only the c-axis
component of the ordered magnetic moments develops down
to ~370 K. As T is further decreased, M exhibits another
steep rise at ~370 K and then shows a maximum at Ty,
~350 K. Around Ty, the peak intensity of 10L also shows
a maximum and those of 0018 and 0019.5 start to develop.
The appearance of the 0019.5 reflection means that a mag-
netic ordering with the propagation vector ¢,,=(0,0,3/2) de-
velops below Ty,. Considering these ND results as well as
those of some hexaferrites such as Y-type Ba,Mg,Fe,0,,
(Ref. 15) and Z-type Sr;Co,Fe,,04; (Ref. 11), we speculate
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FIG. 3. (Color online) Powder ND patterns of Sr,Co,Fess04, measured at
20, 450, and 650 K. (Inset) Temperature dependence of the peak intensities
of the 10L peak, the 0018 and 0019.5 reflections. Temperature dependence
of the magnetization measured at 0.01 T is also shown.
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FIG. 4. (Color online) Magnetic-field dependence of (a) magnetization and
(b) electric polarization at selected temperatures for a postannealed sample
of Sr,;Co,Fes0q. Inset of (a): an expanded view of the data at 200 K.

that the magnetic moments are rotated toward the ¢ plane
and form a conical order below Ty,.

To obtain highly insulating samples for ME measure-
ments, a sample sintered at 1150 °C in oxygen was postan-
nealed at 1000 °C and then cooled down to room tempera-
ture in oxygen for about 24 h. The obtained sample showed
no change in its XRD pattern and possesses high resistivity
(~4 GQ cm at room temperature). Figure 4 shows the B
dependence of (a) M and (b) P at selected temperatures for
the sample. For measurements of P, the sample was first
poled by the following procedure. To begin, B of —3 T was
applied. Then, an electric field (E,,.~+0.4 MV/m) was
applied perpendicular to B. Subsequently, B was set to
—0.25 T. After these poling procedures, E,. was removed.
Then, the ME current Iy;z was measured with an electrom-
eter while sweeping B at a rate of +1 T/min. The P was
obtained from the integration of Iy by time. As seen in Fig.
4(a), the M-B curves show a small but substantial hysteresis.
The hysteresis vanishes at |[B|>0.6 or 0.7 T [see the inset of
Fig. 4(a)], and then M is nearly saturated above |B|~0.8 T.
The B dependence of P reveals the ME coupling. As dis-
played in Fig. 4(b), there is almost no spontaneous P at B
=0. By applying B, P appears and shows a rapid increase up
to 0.2-0.3 T. With the further increase in B, P reaches a

Appl. Phys. Lett. 98, 212504 (2011)

maximum at 0.2-0.3 T and then starts to decrease. Finally, P
vanishes at 0.7-0.8 T where M is almost saturated. However,
P at 350 K is drastically suppressed in all the B range. These
results demonstrate that U-type Sry,Co,Fe;s0¢, exhibits the
ME effect at a wide range of temperatures below Ty,
~350 K, though the B-induced P at room temperature
(~0.2 uC/m?) is two orders of magnitude less than that in
Z-type Sr;Co,Fe 04, (Ref. 10).

In summary, we investigated structural, magnetic, and
ME properties of polycrystalline samples of a U-type hexa-
ferrite Sry;Co,Fe;Ogy. Corresponding to the appearance of
the magnetic order with the propagation vector (0,0,3/2), a
small ME effect was observed below Ty, ~350 K. These
results suggest that Sr;Co,Fe;cOg, is a room-temperature
ME material with the same ME mechanism as other ME
hexaferrites.
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