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The discoveries of gigantic ferroelectric polarization in BiFeQy
(raf. 1) and ferroelectricity accompanied by a magnetic or-
der in TbMnOy (ref. 2) have renewed interest in research
on magnetoelectric multiferroles™, materials in which mag-
netic and ferroelectric orders coexist, from both fundamental
and technological points of view™”. Among several differant
typas of magnetoelectric multiferroic™®, magnetically indwced
ferroebectrics in which ferroslectricity is induced by complex
magnetic orders, such as spiral orders, exhibit glant magne-
toclectric effects, remarkable changes in electric polarization
in response to a magnetic field. Many magnetically induced
ferroslectrics showing the magnetoslectric effects have been
found in the past several years™, From a practical point of view,
however, their magnetoelectric effects are useless because
they operate only far below room temperature (for example,
28K in ToMnD, (ref. 2) and 230K In CuO (ref. 17)). Fur-
thermore, in most of them, the operating magnetic field is an
order of tesla that Is too high for practical applications. Here
we report materials, Z-type hexaferrites, overcoming these
problems on magnetically induced ferroeloctrics. The best
magnetoslectric properties were obtained for SryCoyFe Oy
ceramics sintered in oxygen, which exhibit a low-field magne-
toelectric eMect at room temperature, Our result represents an
important step towards practical device applications using the
magnetoelectric effects.

Hexaferrites are iron oxides with hexagonal structures and have
long been wsed in technological applications such as permanent
magnets and microwave devices because of their room-temperature
ferrom sgnetic and insulating propertics. The hexafernites are
classified into several types depending on their chemical formulae
and crystal structures'™ " (for example, M-type (Ba,5r)Fey; O and
Y-type (Ba,5¢)yMetyFeyy Oy (Met = divalent metal jon), as shown
in Fig. 1a and b, respectively). These hexaferrites’ struciures can
be described as stacking sequences of the basic blocks: 5-, R-
and T-blocks, as shown in Fig. 1. Recently, it has been reported
that some ':’-l;:.-]'q_- hexaferrites, such as {Ba. 5r);#n;Fey: 0y and
Ba;Mg.Fe Oy, show magnetically induced ferroelectricity and
resultant magnetoelectric effects related to modifications of spiral
magnetic structures by applying a magnetic field™ ™. Although
the magnetic ordering temperatures of these Y-type hexaferrites
are above room temperature, their magnetoclectric effects can
be observed only up to ~I30 K. This is mainly because these
hexalerrites are not sufficiently insulating to sustain a substantial
MACTOSCOpIc ferroelectric polarization above ~130 K.

Ohur target material in the present study s one of the hexaferrites
lustrated in Fig. lc, Z-type {Ba, Sr)yMet; Fe., Oy The structure can
be described as the sequence BSTSR"S"T™S" and regarded as an
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ali=rnate n.:n'l:mg of & 172 unit cell of M and a 1/3 unit cell of Y.
Although moss of the Z-type hexaferrites have a uniaxial magnetic
anisotropy parallel to the ¢ axiy, BayCogFey 0y, is, excoptionally,
a planar ferrimagnet at room temperature’’. As a result of this
planar anisotropy, BayCo, Feyy Oy, s magnetically soft. In addition,
it has a relatively high permeability and ferromagnetic nesonance
frequency. Owing to these properties, BayCo;FeyOyy has been
studied as one of the promising inductor materials for gigaheriz-
range application. Early studies suggested that BayCiogFey Oy
xln;lerpm a magnetic transition at arownd 230K and has a cone
of easy magnetization below this temperature'™", The magnetic
propertics of BayCoyFey Oy are affected by replacing Ba with Se.
According to recent studies on polycrystalline samples™ &, the
raom-temperature magnetization curve of 51y Cog Fey 0y does not
increase monotonically up to a situration magnetic feld, but hasa
graded increase, which suggests than S¢,Coy ety I8 not a simple
ferrimagnet at room temnperature. The shape of the magnetization
curve is very similar to that in the magnetoelectric Y-type hexaferrite
Bay o5y 5 20 Feg Oy (ref. 15), In the Y-type hexaferrite, the partial
replacement of Ba with 5r modifizs the superexchange interaction
of the Fe=D=Fe bond: near [BaSr) sites (surrounded by dashed
blue ellipsoids in Fig. 1b) and stabilizes the spiral magnetic ordered
state™, As the Z-type structure also containg the same structural
components [surrounded by dashed blue ellipsoids in Fig 1ch,
we expecied that the Z-type SryCoyFen Oy would show a similar
"F'”I magnetic orderad state and & resultant :nJyn'I!r-:'lrcrrn' effect
at roam ‘.fln'ln-:'ull'.re.

It s known that preparation of the pure Z-type phase is
extremnely difficull because ather hexaferrite phases usually coexist
with the Z-type during the synthesis process™ . Figure 2a shows
powder X-ray diffraction patterns for our polycrystalline samples
of 5ryCoy Feyy Oy, . The X-ray diffraction patterns coloured by black
and red are for o sample sintered in air and for that in oxygen,
respectively, In both the samples, most peaks can be indexed 1o
the Z-type structure with the space group Py fmeme and lattice
parameters a = 387 A, ¢ = 52,07 A, which demonstrates that the
majority phase of these samples is Z-type SryCo; Fey, Oy However,
same peaks [marked with asterisks in Fig. 1a) cannot be indexed
to the Z-type structure, but can be indexed to other types of
hexaferrite. For the sample sintered in oxygen, the impurity peaks
can be indexed by [.'-'.ﬂ'.h:' Srlo:Feuls ts.eq-.m:m:r RSR*S"TS")and
Wetype SrCoyFey Oz (R5:R"5;" ), whereas the U-type phase almost
disappears for the sample simtered in akr.

Figure 2b shows the magnetization measured a1 001T a5 a
fanction of temperature. The temperature dependence of the
magnetization exhibits two clear drops at around 510K and
670 K for bath the samples. Similar magnetization anomalies were
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Introduction

In the past decade, magnetoelectric multiferroics, materials
that shows both magnetic and ferrolectric orders simultaneouly,
have been attracting renewed interest and have been extensively
studied in terms of both fundamental and technological points
of view [1,2]. Among various types of magnetoelectric multi-
ferroics, studies of magnetically-induced ferroelectrics in which
the inversion simmetry breaking and resultant ferroelectricity
are induced by complex magnetic orders, have been triggered
almost a decade ago by the discovery of multiferroic nature in a
perovskite-type rare-earh manganites TbMnOs [3]. The magnet-
ically-induced ferroelectrics often show giant magnetoelectric
effects (remarkable changes in electric polarization in response
to a magnetic field), since the origin of their ferroelectricity
is driven by magnetism which sensitively responds to an ap-
plied magnetic field. Thus, it is expected that the magnetically-
induced ferroelectrics provide new types of device applications
by using the magnetoelectric effect, such as memory devices in
which magnetic and/or ferroelectric domains are controlled by
an electric and/or magnetic fields. However, their magnetoelec-
tric effects usually occur at temperatures that are too low to be
practically useful. The lacks of room-temperature magnetically-
induced ferroelectrics have significantly hampered the promise
of this class of multiferroics in developing new devices. Thus,
one of the grandest challenges at the present stage in this field
is to design or identify room-temperature magnetically-induced
ferroelectrics.

Hexaferrites as magnetoelectrics

Hexaferrites are iron oxides with hexagonal structures and have
long been used in technological applications such as permanent
magnets, microwave devices, and absorbers in the gigahertz
frequency range because of their room-temperature ferromag-
netic and insulating properties [4]. These compounds are classi-
fied into several types such as M-type [(Ba,Sr)Fe2019], Y-type
[(Ba,Sr)2Me2Fe1202], Z-type [(Ba,Sr)sMe2Fe240a1] (Me=divalent
metal ion). These hexaferrites’ structures can be described as
stacking sequences of the basic blocks: S (spinel block), R
[(Ba,Sr)FesO11]>-, and T (Ba,Sr)2FesO14. Recently, it has been
reported that some Y-type hexaferrites with the TST’S’T”S”
stacked structure [e.g., (Ba,Sr)2Zn2Fe12022 and Ba2Mg2Fe12022]
show magnetically-induced ferroelectricity and resultant mag-
netoelectric effects related to modifications of complex spiral
magnetic structures by applying a magnetic field [5]. Although
spin ordering temperatures of these Y-type hexaferrites are above
room temperature, their magnetoelectric effects can be observed

only up to ~130 K. This is mainly because these hexaferrites are
not sufficiently insulating to sustain a substantial macroscopic
ferroelectric polarization above ~130 K.

Room-temperature magnetoelectric effect

in a Z-type hexaferrite

In this work, we discovered that a Z-type hexaferrite, Sr3Coz2Fe24
a1, exhibits a low-field magnetoelectric effect at “room tem-
perature” [6]. Figure 1a shows the Z-type hexaferrite structure
which can be described as the sequence RSTSR*S*T*S*. One
of the key factors for the achievement of the room-temperature
operation is a highly insulating character of polycrystalline Z-
type hexaferrites heated in an oxygen atmosphere [~10? Qcm
of electrical resistivity at room temperature]. The high resistiv-
ity enables us to measure the ferroelectric polarization at room
temperature. Furthermore, a recent powder neutron diffraction
study proposed that Sr3Co2Fe240a41 exhibits a complex magnetic
order (transverse conical order), as illustrated in Fig. 1b up to
about 400 K [7]. According to former theoretical study [8], the
magnetic structure can induce finite electric polarization though
the so-called spin-current mechanism.

Fig.1 Schematic crystal (a) and proposed magnetic structures [at small magnetic fields (b)
and large magnetic fields (¢)] of Z-type SrsCo2Fe24041.

Figures 2a and 2b display the magnetic field dependence of
the magnetization and the electric polarization, respectively, at
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100, 200, and 300 K for Sr3Coz2Fe24041 polycrystalline samples
sintered in oxygen. As seen in Fig. 2a, the magnetization in-
creases in two steps up to the saturation magnetization. As
the magnetic field increases, the magnetization shows a rapid
increase from O to ~0.1 T, gently increases from ~0.1 T to ~0.7
T, and then is almost saturated at around 1 T. These features
can be explained by the transformation from the transverse
conical ordered state (Fig. 1b) into the ferromagnetic state (Fig.
Ic). These anomalies in the magnetization accompany mag-
netoelectric effects. As displayed in Fig. 2b, there is almost no
spontaneous polarization at zero magnetic fields. By applying
a magnetic field, the electric polarization appears and shows
a rapid increase up to ~0.2 T. With the further increase of the
magnetic field, the electric polarization reaches a maximum at
0.25~03 T ( 23 pC/m2 at 100 K) and then starts to decrease.
Finally, the electric polarization vanishes at around 1 T where
the system becomes a simple ferrimagnet. These results dem-
onstrate that the Z-type Sr3Co2Fe24041 exhibits the magneto-
electric effect at a wide range of temperatures including room
temperature. The room-temperature ME effect can be under-
stood in terms of the appearance of the electric polarization
which is induced by the transverse conical magnetic structure
through the spin-current mechanism [8].
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Fig.2 Magnetic-field dependence of (a) magnetization and (b) electric polarization at 100,
200, and 300 K for a polycrystalline sample of SrsCozFe24041 sintered in oxygen.

In the Z-type hexaferrite, a potential use of the magneto-
electric effect in practical device applications is demonstrated,

i.e., a sequential switching of the electric polarization by
oscillating magnetic fields between 0 and 0.25 T (Fig. 3a) at
300 K. As displayed in Fig. 3b, reproducible variations of the
electric polarization were observed without any decays in their
magnitudes. In addition, the signs of the magnetoelectric sig-
nals are switchable with the polarity of a poling electric field
(Compare Figs. 3b and 3d). Thus, the low-field magnetoelec-
tric effect observed in the Z-type hexaferrite ceramics at room
temperature has the promise of practical device applications
including non-volatile memory where information is stored
as electrically-detectable and -controllable spin-helicity, as
schematically illustrated in Fig. 3e.
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Fig.3 Room-temperature magnetoelectric effect of SrsCo2Fe24041 polycrystalline ceramics
sintered in oxygen. Oscillating electric polarization responding to periodically varying
magnetic fields between 0 and 0.25T (a,c). The data for (b) and (d) were obtained after
poling at plus and minus electric fields, respectively. (e) Schematic illustrations of electri-
cally-detectable and -controllable spin-helicity.

Summary

A Z-type hexaferrite Sr3Co2Fe24041 has been found to exhibit
a low-field magnetoelectric effect “at room temperature”. The
discovery clearly demonstrates the magnetic-field control of
ferroelectricity at “room temperature”, and represents an import-
ant step toward practical applications using the magnetoelectric
effect. The results presented here provide the promise of prac-
tical magnetoelectric device applications including non-volatile
memory where information is stored as electrically-detectable
and -controllable spin-helicity.
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Surface-Plasmon Holography with
White-Light lllumination

Miyu Ozaki,™ jun-bchi Kato,* Satoshi Kawata'™

The: recently emerging three-dimensional (3 3 displays in the electronic shops imitate depth illusio by
overlapping two parallax 20 images through either polarized ghasses that viewers are reguired 1o wear or
lenticular lenses fived directly on the display. Holography, on the other hand, prevides real 30 imaging,
atthough usuallyfimiting calors to manochreme, The so-called rainbow Folograms—mounted, for esample,
on oredit cards—ane abo produced from pavallay images that change Slor with viewing angle. We report
an & holographie technique based on surfacy plasmans that can reconsnsct troe 30 color images, where
the colors are resorstructed by satisfying resonance conditians of surface plasmen polaritons for inefividual
wavelengths. Sush real 30 colos images can be viewed from any angle, just like the original sbiect

foil, coutain free cloctrons that collective- — of this surface wave is called surface pasmon

Nnb].c mstal films, such os sibver ard goll  wave in optical frequency reglan, The qeantum
Iy cociliate and propagate as the surface  polariton (SPP) - 1. The ekctromagnetic fidk gen-

ermter] by SPF can be enhanced and strongy oon-
fined spatially in the near field (with the dstance
less than the wavelength) from the metal urface
s o nonimadiaive evancscent fickd (2, J) The
ahility to confine and enhance the optical ekl to
the vicmity of e melal surfacs or nasomeal par-
tich: has been applied to mmuno-sensor (4), fuo-
rescence sensor( 5, solor cell (6], plisnone ke
(7, &), naunoemerscopy (9, F0), super-lensal 7, [2)
and photodynaric cancer cell treatment {_J).
Wi repon an application of SPP b three-
dimensional (30 color holography with. white.
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