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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The following is a comment on the published paper shown on the preceding page.

Surface-Plasmon Holography

KAWATA Satoshi

(Graduate School of Engineering)

Making holograms look more real

A full-color three-dimensional hologram has been created
by harnessing electron density waves in thin metal films. Al-
though human vision is capable of perceiving objects in three
dimensions (3D), we spend much of our day looking at two-
dimensional screens. The latest televisions and monitors can
trick us into perceiving depth, by presenting different images to
our left and right eyes, but they require special-purpose glasses,
or specialized large-area lenses applied directly to the screen.

Holographic 3D imaging, on the other hand, presents a ‘true’
representation of an object by exactly reconstructing the light
rays that would come from that object if it were present. How-
ever, integrating color into 3D holograms has proved a chal-
lenge. Consequently, holograms are usually either monochro-
matic, or—as in the case of credit card holograms—colored
in a way that does not correspond to the real object. Now,
creating true, 3D color holograms has become possible using a
technique developed by Satoshi Kawata and colleagues at the
RIKEN Advanced Science Institute in Wako.

The researchers’ hologram consists of a periodic grating,
which is encoded with an interference pattern and covered
with a thin film of silver. As with other holograms, when prop-
erly illuminated at a later time, the hologram can recreate the
light rays that would result from the original object if it were
present. The innovation comes in how this grating interacts
with the silver film, whose electrons can be excited into density
waves called surface plasmon polaritons (SPPs). SPPs are as-
sociated with a short-range, non-radiative electromagnetic
field. When this field interacts with the grating, it is converted
into visible light that can be observed by a viewer at a distance.

Critically, the nature of the SPPs excited in the silver depends
on the angle of light that excites them. Therefore a particular
type of SPP can be created by illuminating the film at a particular
angle, and this in turn leads to a particular image being observed
by the viewer. By encoding red, green and blue images into their
grating, and then illuminating the grating and silver film simul-
taneously with three light beams at different angles, Kawata and
colleagues produced a full-color hologram (Fig. 2A).

To make the hologram easier to operate, the researchers also
coated their silver film with a layer of silicon dioxide. This
increased the separation between the angles of the incoming
beams, and reduced the angular precision required. The team
notes that the hologram works with beams of white light, and
does not suffer from the ‘ghosting’ that is apparent with credit
card holograms.

(From RIKEN RESEARCH HIGHLIGHT,Courtesy of RIKEN)

Plasmon Holography in Color

Noble metal films, such as silver and gold foil, contain free
electrons that collectively oscillate and propagate as the sur-
face wave in optical frequency region. The quantum of this
surface wave is called surface plasmon polariton (SPP) (1).
The electromagnetic field generated by SPP can be enhanced
and strongly confined spatially in the near field (with the dis-
tance less than the wavelength) from the metal surface as a
nonirradiative evanescent field (2, 3). The ability to confine
and enhance the optical field to the vicinity of the metal sur-
face or nanometal particle has been applied to immuno-sensor
(4), fluorescence sensor (5), solar cell (6), plasmonic laser (7,
8), nanomicroscopy (9, 10), super-lens (11, 12) and photo-
dynamic cancer cell treatment (13).

We report an application of SPP to threedimensional (3D)
color holography with white-light illumination. The first idea
to use plasmons for holography was published as a reflection
type by Cowan (14), and since then authors have reported
holographic reconstruction of transmission type (15-17). In
those configurations, plasmons have been used for enhancing
the diffraction efficiency. In this report, we use color selectiv-
ity of SPPs for holographic color reconstruction with white-
light illumination.
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with a white light in three directions
at different angles 6 and ¢ for each.
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We recorded the hologram on a photoresist as an interference
pattern between a light field coming from the object as scat-
tered light and the unscattered reference beam. Exposure was
repeated three times with rotation of the illumination angle for
a single color hologram recording. Instead of rotation, one can
also use three lasers simultaneously to obtain the hologram
in a single exposure. A thin metal film is then coated on the
photoresist hologram,which is precoated on a glass plate. For
image reconstruction, the SPP is excited by a color compon-
ent of white light that is incident on the metal film through a
prism with an angle satisfying the condition of total internal
reflection (Fig. 1A). The SPP associates with a nonradiative
evanescent light wave on metal film and then is converted by
the grating component of hologram into a radiative light field,
which represents the reconstructed wavefront of light that
scattered at the object. The reconstruction of the prerecorded
object is seen with the eyes through an SPP hologram in color.
The reference beam or the zeroth-order diffraction as back-
ground beam does not exist in reconstruction for this config-
uration because the illumination of the hologram is made by
total internal reflection.

Figure 1B shows the dispersion curve of SPP with wavelength
A as a function of the incident angle 0 of illumination (excita-
tion). This relationship is given as

1 [aa® )
# = sm :\; ll,'lﬂ'f. Ty J il

where ngtss> nm- and n(A) are the refractive index of the glass
substrate, effective index of the medium on the metal surface,
and the index of metal (which is a function of X), respectively (2).
Individual colors are reconstructed by illumination at corres-
ponding incident angles by satisfying the above relationship
for each color. Figure 1C shows the optical setup for recon-
structing a three-color object in different azimuthal and inci-
dent angle sets [(Qr, Or), (P a, Bc), and (P s, O8)] with white-
light illumination.

Fig.2 Reconstruction of three-dimensional
color objects through surface plasmon holo-
grams. (A) Red apple with green leaf in three
dimensions. (B) Color bar recorded three
times with red, green, and blue by rotating
the bar by 120° for each color. In the center
where three colors overlap, a hexagonal
area is reconstructed as white, while yellow
triangles are reconstructed where red and
green overlap.

Reconstruction of an object, an apple with a leaf, is seen in
3D from the thin film plasmon hologram (Fig. 2A) (18). A
movie of the object taken with a camera moving around the
object is provided in the supporting online material. For plas-
mon color holography, the adjustment of the white color bal-
ance is important for representing the natural color of an object
or a scene. We obtained the white color balance by carefully
controlling the power of the laser with multiple exposures for
red (R), green (G), and blue (B). Figure 2B shows an image
of a bar taken by three-time exposure in R, G, and B; each
exposure was made by rotating the object (bar) and by taking
shots at every 120° of rotation. It includes a white hexagon in
the center where all three colors overlap and yellow triangles
where red and green bars overlap. For reconstruction of the

object, a 100-W Halogen lamp is used.

Discussions

The results show that plasmon color holography provides a
view of an object or a scene seen naturally and vitally with white-
light illumination. A typical amplitude modulation in plasmon
hologram is ~25 nm, which is much thinner comparedwith Lipp-
mann-Denisyuk’s color hologram (19) based on Bragg diffrac-
tion in volume. The rainbow holograms mounted, for example,
on credit cards (20) also reconstruct with white light, where color
varies with viewing angle but not with the color distribution
in the object. Plasmon holography is advantageous in terms of
background-beam—free reconstruction because the illumination
light is totally reflected back at the hologram (21). Plasmon hol-
ography does not suffer from the ghost produced by the diffrac-
tion of ambient light or higher orders of diffraction, because those
components are not coupled with SPPs.
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