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Review
Artificial multilayers and nanomagnetic materials
By Teruya SHINJO*1*%1
(Communicated by Shun-ichi IWASAKI, M.J.A.)
Abstract: The author has been actively engaged in research on nanomagnetic materials for

about 50 years. Nanomagnetic materials are comprised of ferromagnetic systems for which the size
and shape are controlled on a nanometer scale. Typical examples are ultrafine particles, ultrathin
films, multilayered films and nano-patterned films. In this article, the following four areas of the
author’s studies are described.

(1) Mossbauer spectroscopic studies of nanomagnetic materials and interface magnetism.

(2) Preparation and characterization of metallic multilayers with artificial superstructures.

(3) Giant magnetoresistance (GMR) effect in magnetic multilayers.

(4) Novel properties of nanostructured ferromagnetic thin films (dots and wires).

A subject of particular interest in the author’s research was the artificially prepared multilayers
consisting of metallic elements. The motivation to initiate the multilayer investigation is described
and the physical properties observed in the artificial multilayers are introduced. The author’s
research was initially in the field of pure physical science and gradually extended into applied
science. His achievements are highly regarded not only from the fundamental point of view but also
from the technological viewpoint.

Keywords: Mossbauer spectroscopy, interface magnetism, artificial multilayers with
superstructures, non-coupled type GMR (giant magnetoresistance), magnetic vortex cores,
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domain walls in nanomagnetic wires

1. Introduction

The history of multilayer production is very
long. In the past, X-ray spectroscopists attempted to
prepare multilayers by combining heavy and light
elements in order to fabricate x-ray mirrors. How-
ever, they measured only the characteristics for x-ray
optics and were not concerned with the physical
properties of multilayers. In general, the vacuum
condition before the 1960s was not high enough to
produce reliable samples. Around 1970, Esaki intro-
duced high vacuum techniques in the field of thin film
deposition and prepared semiconductor superlattices
such as GaAs/AlAs.) He showed that epitaxial
multilayered structures could be fabricated with
controlling the thickness in the monolayer scale.
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The author initiated the multilayer preparation
with combining metallic elements around 1980.
The necessity of multilayer samples was originated
from the Mossbauer spectroscopic study on interface
magnetism. The author examined the multilayer
production for various combinations of metallic
elements and obtained many types of multilayered
structures. The artificial periodicities could be
reduced to monolayer scale in some cases. Thus it
was suggested that artificial multilayer preparation is
a promising method to create novel materials.

2. Mossbauer spectroscopic studies

Mossbauer spectroscopy is a very useful tool
for investigating magnetic materials because *"Fe is
the most convenient nucleus for Mossbauer measure-
ments. For the study of magnetism, the most
important information obtained from Mossbauer
spectra is hyperfine fields, which are magnetic fields
acting on the nuclei and are closely related to the
local magnetic moments of 3d electron spins. The
Mossbauer spectra for "Fe in magnetically ordered
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materials have six-line patterns and the hyperfine
field is estimated from the magnitude of the six-line
splitting. In contrast, paramagnetic or non-magnetic
materials show unresolved single lines, so a magneti-
cally split spectrum is reliable evidence of the
existence of magnetic order.

In 1957, R.L. Mossbauer observed for the first
time that nuclei in solids can emit and absorb
gamma-rays without recoil (i.e., the Mossbauer
effect) and in 1961 received the Nobel Prize in
Physics for his discovery of this phenomenon. The
application of the Mossbauer effect to the inves-
tigation of the physical properties of solids started
from around 1960, initiating the era of Mossbauer
spectroscopy.

The author entered the graduate school of
Science at Kyoto University in 1961 and began to
use this new tool, Mdssbauer spectroscopy, to the
study of magnetic materials in 1962. His first target
for Mossbauer spectroscopic study was an interme-
tallic compound, Fe3Si. The spectra he obtained
confirmed the existence of two hyperfine fields. This
result, indicating that there are two crystallographic
sites having different magnetic moments, was im-
portant to the understanding of the magnetic proper-
ties of this compound.? Mdssbauer measurement was
then applied to several intermetallic compounds
including FeB, Fe,B and Fe;C,?) and also to several
iron oxides and hydroxides.?~% This new tool proved
to be very useful for characterizing the magnetic
behavior of various materials containing Fe ions.

Among the author’s Mossbauer studies carried
out in the 1960s, a particularly important result was
the measurements on ultrafine particles of magnetic
compounds. In ultrafine magnetic particles with
a nanometer diameter, the magnetization of each
particle thermally fluctuats due to “superparamag-
netism”. If the rate of fluctuation is greater than the
nuclear Larmor precession period, the Mossbauer
spectrum does not reveal magnetic splitting, and
instead is similar to a non-magnetic pattern. In 1964,
the author has reported for the first time the
observation of superparamagnetism by Mossbauer
spectroscopy using nanoscale particles of a-FeyOg”)
and o-FeOOH.®) The collapse of the magnetic
hyperfine structure in the Mdssbauer spectra with a
decrease in the particle volume was observed in the
measurements. Figure 1 shows the Mossbauer ab-
sorption spectra at room temperature for a-FeOOH
ultrafine particles as a function of particle volume.
Bulky samples showed a six-line pattern due to the
magnetic ordering whereas the six-line pattern had
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Fig. 1. Modssbauer absorption spectra at room temperature for a-
FeOOH fine particles. The particle sizes were estimated from the
broadening of X-ray diffraction peaks and the average particle
volumes of Samples A, B, C, D, E, F and L were estimated to be
3x 10718, 7x 1071, 1 x 10717, 2 x 10717, 5 x 10717, 2 x 1076
and 1 x 107"2cm?, respectively. Electron micrographs for
Sample C and F are also reproduced.

collapsed in the samples with smaller particles due
to the occurrence of superparamagnetism. Ultrafine
particles were thus the author’s first research subject
in the field of nanomagnetic materials.

The author’s study of various magnetic materi-
als by Mossbauer spectroscopy was done in collabo-
ration with many research groups and demonstrated
the usefulness of this new method. A particularly
interesting finding was the behavior of CaFeOs.”)
This compound shows a sharp single line spectrum at
room temperature, which indicates that the valence
state of Fe ions is 4+. However, in the spectra
measured at lower temperatures, two charge states
with equal amounts were observed. This indicates
that a charge disproportionation had taken place.
From the observed Mossbauer parameters, one of the
two charges is undoubtedly identified as Fe3*. Then,
the other state was attributed to Fe®'. Therefore,
the process of the charge disproportionation can be
expressed as the following: 2Fe!* < Fe’t 4 Fe'™,
reflecting the variation in temperature. The existence
of an Fe® charge state is very rare in nature and
no reliable example has been reported. The author’s
group thus obtained clear evidence that the Fe’*
state exists in CaFeOg at low temperatures (less than
280 K). Several compounds including Fe®" ions were
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also studied and their magnetic properties were
clarified using the results of Mossbauer measure-
ments at various temperatures.w) The existence of
non-collinear spin structures were confirmed by the
measurements in external fields for CaFeQs, as well
as Kagome lattice compounds.”

A unique feature of the author’s research was
the use of a stable isotope ®’Fe or a radioactive
"Co source as a microscopic probe for investigating
materials not containing Fe ions. A particularly
successful example of this was the confirmation of
antiferromagnetic order in V5,03 by the Mdssbauer
measurements using impurity °"Fe.') Knowledge of
the existence of antiferromagnetic order is critical to
the understanding of the metal-insulator transition
in this compound. At that time, neutron diffraction
was not yet powerful to distinguish magnetic
scattering in vanadium compounds, so the informa-
tion from the Mossbauer spectroscopic study of the
magnetic order attracted much attention. Another
strategy, the use of a radioactive isotope, *’Co, as a
probe had been practiced in the study of impurity
Co in the Cu matrix. From the Mdssbauer source
spectra on 9'Co in a Cu-2%Co alloy sample, the
superparamagnetic behavior was observed and the
particle size distribution of precipitated Co clusters
was estimated.!?

Around 1970, the author targeted “interface
magnetism” for his Mdossbauer spectroscopic study.
In 1969 and 1970, Liebermann et al. have reported
that the magnetization of an ultrathin ferromagnetic
metal, Fe,Co or Ni, measured during the film growth
is always smaller than the bulk value, and the
decrease roughly corresponds to two atom layers’
magnetization. Therefore they claimed that one
surface layer in a ferromagnetic metal loses magnetic
moment independently of the total thickness, and
named it the “dead layer”.!®'¥) This caught the
attention of both experimental physicists and theo-
retical physicists, and the dead layer became a hot
topic. The author proposed using Mossbauer spec-
troscopy to verify the validity of the dead layer
model. For this purpose, *’Co source atoms were
deposited on the surfaces of Fe and Co, by electro-
deposition and the Md&ssbauer source spectra were
measured. The observed spectra from the ferromag-
netic metal surface showed magnetically split pat-
terns for both the Fe and Co.'»19 Figure 2 is a
Mossbauer source spectrum obtained using a °"Co
source deposited on a surface of Co metal. It shows
that the surface atoms have bulk-like magnetic
moments, although the hyperfine fields are fairly
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Fig. 2. Mbssbauer source spectrum at 4K for 5'Fe in the surface
of Fe metal. Spectrum for the bulk Fe at 110K is shown for
comparison. Solid line represents calculated spectrum assuming
the distribution of hyperfine field as shown in the inserted figure.

distributed and the average value is a little smaller
than the bulk. This result clearly proved the
nonexistence of a dead layer.

A particular advantage of using the radioactive
isotope 97Co is that the amount of source atoms
corresponds to only 1% of the monatomic layer.
Therefore if the source atoms are deposited uniformly
on the substrate, the Mossbauer source spectra
should furnish fruitful information about the top
surface atomic layer. When 5"Co source is used as
the sample, the Mdssbauer spectra reveal the status
of the daughter atom °"Fe, immediately after the
nuclear decay. In insulating systems, the Mossbauer
spectra obtained from a °“Co source sometimes show
the metastable electronic state of Fe, caused by the
nuclear decay. However, for metallic materials, the
electronic processes are very fast, so the observed
spectra should reveal the ground state electronic
structure of the daughter Fe atoms.

In the initial stage of the author’s investigation
of interface magnetism, electrodeposition was used to
prepare the source samples, because it is technically
easier than a vacuum deposition. Since Liebermann
et al. also used electrodeposition, the author’s results
were acceptable proof that the dead layer model was
invalid. However, the prepared samples were frozen
immediately after preparation to protect their sur-
face from chemical reaction and therefore the
measurement temperature had to be much lower
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than room temperature. The obtained Mossbauer
spectra confirmed that the sample surface had
retained a metallic state, but the actual surface
structure could not be well characterized. A better
method for preparing samples with good quality
surfaces is vacuum deposition but the vacuum
deposition of radioactive isotope, °"Co, is too
challenging, so further investigation of interface
magnetism was carried out by using absorber samples
prepared by vacuum deposition. Namely thin film
samples including the stable isotope, °"Fe were
prepared in ultrahigh vacuum (UHV) atmosphere
and used as absorber samples for Mossbauer meas-
urements.

3. Interface magnetism and multilayers

The Mossbauer effect can occur in a nucleus
when the energy difference between its ground and
excited states is sufficiently small. Since *Fe is
fortunately the most suitable nuclear species for
observing the Mossbauer effect, the *"Fe Mossbauer
spectroscopy has been widely used for studying
magnetic materials. >’Fe is one of the stable isotopes
included in natural Fe but the natural abundance is
only about 2%. Natural Fe is comprised mostly of
%Fe, which is unrelated to the Mossbauer effect.
Therefore, to obtain Md&ssbauer absorption spectra
from a sample containing natural Fe, the Fe concen-
tration must be significantly large. If a sample is able
to be enriched in the isotope °"Fe, the necessary
concentration of Fe in the sample can be greatly
reduced. A designed sample for a specific research
purpose can be synthesized by combining pure *’Fe
and pure *Fe isotopes. As will be mentioned shortly,
depth-selectively enriched multilayers are typical
examples of artificially designed samples. The poten-
tial of the Mossbauer spectroscopy as a tool for
materials research is remarkably enhanced if *"Fe
isotope can be utilized. Isotopes enriched in *"Fe
and also “Fe, up to nearly 100%, can be purchased
commercially, but they are very expensive.

The procedure for preparing interface-selectively
enriched samples is as follows. In UHV atmosphere, a
pure “Fe layer with sufficient thickness is deposited
on an appropriate substrate. A Mossbauer probing
layer of 'Fe, a few atomic layers thick, is then
deposited on the %°Fe layer. Finally, the surface is
covered by a non-magnetic material, such as V, Cu,
Ag, Sb or MgO. Although the prepared sample is
sufficiently thick, to exhibit bulk magnetic properties,
the °"Fe probes are located only at the interface
region of the Fe film. Therefore the Maossbauer
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Fig. 3. Structure of interface-selectively enriched sample for 'Fe
Maéssbauer absorption spectroscopy.

spectra for such interface-selectively enriched sam-
ples should reveal the properties of the Fe interface in
contact with a non-magnetic material. The structure
of the interface-selectively enriched sample for the
Mbossbauer absorption measurements is illustrated in
Fig. 3. The layer thickness is controlled by operating
the shutters (see Fig. 5). In order to control the
thickness in units of 0.1 nm, the depositing rate has to
be very slow. Avoidance of contamination during
deposition requires the use of UHV atmosphere. The
author’s laboratory was the first one in Japan to use
UHV deposition equipment for preparing magnetic
thin films.

There are two geometries for Mdssbauer meas-
urement, transmission mode and scattering mode.
Although scattering mode has a merit that the
required *’Fe amount in a sample can be less than
the transmission mode, measurements with varying
temperature and/or applying an external magnetic
field are very difficult. For the study of magnetic
materials, therefore, the transmission mode is better
although the sample must have sufficient °"Fe
isotope, i.e., more than one monatomic layer. To
meet this technical requirement, the author’s group
prepared multilayers including many °"Fe layers.
Namely the depositions of the [thick *Fe/ultrathin
Fe/non-magnetic layer] unit were repeated for
many times. The use of this sample structure makes
the method of the author’s group for studying
interface magnetism unique in the world.
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Fig. 4. Maossbauer absorption spectra at 4 K for samples used to
study depth range from the interface of Fe/V, 0-0.35 nm, 0.35—
0.7nm and 0.7—1.05nm, respectively. The solid line to fit the
spectrum for 0—0.35nm region was drawn with assuming the
distribution of hyperfined field as shown in the inserted figure.

Using interface-selectively enriched multilayer
samples, the author carried out a systematic inves-
tigation of interface magnetism in Fe films and
reached the general conclusion that the Fe metal
interface is always ferromagnetic, as long as the
crystallographic structure remains bcc. A minor
reduction or enhancement of the local magnetic
moment at the interface may be possible, but the
local magnetic moment does not completely disap-
pear. Figure 4 shows Mossbauer absorption spectra
an Fe interface in contact with a non-magnetic metal,
vanadium.!” The three spectra represent the top-
interface region, the 0.35—0.7nm depth region, and
the 0.7-1.05nm depth region, respectively. The
spectrum for the top interface is fairly broad and
the average hyperfine field is smaller than the bulk Fe
value. Nevertheless the spectrum is undoubtedly
ferromagnetic and there is no dead layer. Covalent
bonding with neighboring V atoms may reduce
the Fe local magnetic moment at the interface. The
spectrum for the 0.35—0.7nm depth region shows a
rather sharp six-line pattern and no significant
deviation from that for the bulk state. The spectrum
for 0.7—1.05 nm region is actually the same as that for
the bulk state. This means that the modification of
local magnetization due to the interface effect is
confined to a few atomic layers.

It was also found by the author that if the
surface of Fe metal is contaminated by air, the
interface layer loses the magnetization at room
temperature.'® Therefore, in the case of real techni-
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cal magnetic materials, the magnetization of top
interface layer is supposed to be significantly
influenced by the condition of interface. Since the
size of magnetic elements in modern devices is very
small, the role of interface magnetization is crucial.
As will be described later, recent studies on TMR
(tunneling magnetoresistance) and spintronics re-
vealed that the spin polarization of emitted electrons
from a ferromagnetic electrode (i.e., spin current)
is an important issue and it is closely related to the
interface magnetization. However, nowadays, the
studies on interface magnetism are not active, except
those for interface anisotropy. A systematic study
of magnetization in various kinds of interfaces, by
means of Mdssbauer spectroscopy, with combining
other advanced techniques, has to be organized.

If the multilayer stacking is repeated more than
20 times, the establishment of a periodic structure in
the artificial multilayer is confirmed by using X-ray
or neutron diffraction techniques. Although it is
difficult to microscopically examine each interface
in the multilayered structure, the quality of the
artificial multilayer is confirmed by the observed
periodicity. The author’s group prepared multilayers
from various combinations of Fe and non-magnetic
materials and found that the periodic structures
can be fabricated by using a fairly wide variety of
combinations. The chemical reaction and/or inter-
diffusion at each interface are suppressed during the
multilayer film growth by depositing each layer on
a cold substrate. The author’s group found that
periodic structures can be prepared for many
combinations, independently of the phase diagram,
as long as the artificial wavelength is longer than
around 5nm. In some cases, the wavelength can be
reduced to be about 2nm and monatomic layers are
realized as a component of multilayered structure.
It was thus found that multilayers with artificial
superstructures can be synthesized from various
combinations of metallic elements. These materials
are regarded as new materials that do not exist
in nature. Besides the author’s group, at that time
in the world, there were several groups who were
actively researching the fabrication of metallic multi-
layers with artificial superstructures. The main
target for most of them was the creation of new
superconducting materials. The author’s group pre-
pared and investigated several superconducting
multilayer systems and published reports discussing
the dimensionality of superconductors.'®2!) Artifi-
cial multilayers have served as model systems for the
basic study of superconductivity. However, none of
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the groups had any significant success in creating
novel superconducting materials.

The initial aim of the author’s group was to
investigate interface magnetism using multilayer
structures. Around 1980, the aim switched to
fabricating multilayer to create unknown materials
that might have novel magnetic properties. Figure 5
shows a rough sketch of a UHV deposition system for
multilayer sample preparation. A typical example of
an artificially prepared new material is a multilayer
structure consisting of Fe and Mg layers.22):23)
Although Fe and Mg are rather popular metal
elements, they are insoluble with each other even in
the liquid state. According to their binary phase
diagram, they have almost no solubility with each
other, so an alloy or intermetallic compound cannot
be formed from Fe and Mg. The author’s group has
synthesized Fe/Mg multilayers by depositing Fe and
Mg alternately in an UHV atmosphere on a cold
substrate (cooled by liquid nitrogen). X-ray diffrac-
tion and cross-sectional TEM revealed the existence
of an artificial periodic structure as shown in Fig. 6.
Visual inspection of a sample showed an artificial
superstructure consisting of Fe (0.4nm) and Mg
(1.6nm) layers had been uniformly constructed.
Structural characterization of this sample indicated
that there was no epitaxial relationship in the
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Fig. 6. Transmission electron microscopy (TEM) image for cross-

section of [Fe (0.4nm)/Mg (1.6nm)]yo multilayer and small-
angle xray diffraction (XRD) pattern for Fe (1.5nm)/Mg
(3nm) multilayer.

multilayer structure, since the atomic radii of Fe
and Mg are considerably different and their intrinsic
crystal structures are also different. Therefore, the
microscopic structure of the Fe/Mg multilayer
structure is regarded to consist of amorphous layers.
Information on the Fe/Mg multilayer structure was
also obtained from Madssbauer spectroscopic inves-
tigation as described below.

Figure 7 shows the Mdossbauer absorption spec-
tra for Fe/Mg multilayers with various Fe layer
thicknesses. The nominal thicknesses of individual
layers are listed in the figure. The Fe/Mg unit was
deposited 30—100 times. The Mg layer thickness was
1.5-3nm for all the multilayers, which is sufficient
to separate individual Fe layers. Therefore from the
variation of the spectra in Fig. 6, we can see that
the magnetic properties are a function of the Fe
layer thickness. When the thickness was 1.5nm, the
spectra at 4.2K and 300K had a magnetically split
sharp six-line pattern, suggesting that the Curie
temperatures of the Fe layers are much high than
300K and that the observed hyperfine field is equal
to that of pure bee-Fe. The profiles of spectra for Fe
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Fig. 7. Mossbauer absorption spectra at 300K and 4K for Fe/
Mg multilayers with various Fe layer thicknesses.

layers thinner than 0.8 nm are completely different.
At 300K, the spectra had no magnetically split
structure and instead showed only a doublet with a
small separation due to a quadrupole effect. This
result indicates that the Curie temperatures of these
ultrathin Fe layers are lower than 300K. At 4.2K,
all spectra show magnetically split spectra but each
line is very broad. This broad six-line pattern is
characteristic of ferromagnetic amorphous Fe alloys.
The broadening is attributed to variations in the
nearest neighbor configurations.

The amorphous phase of Fe alloys in bulk form
can be obtained by mixing some non-magnetic
metalloid elements (such as B, C, N etc.). However,
the amorphous form of pure Fe is known to be
unstable. Extrapolation shows that the Curie tem-
perature of amorphous pure Fe is remarkably low.
Magnetization measurements with a SQUID magne-
tometer showed that the Curie temperatures of the
present samples varied from about 110K for the
0.8nm Fe layer to about 35K for the 0.1 nm one.
Particularly interesting is the finding that the
Moéssbauer spectrum for the 0.1 nm Fe layer revealed
that it was entirely ferromagnetic at 4.2 K and that a
non-magnetic fraction was not visible. The nominal
thickness of 0.1nm corresponds to be less than one
perfect atomic layer and thus cannot cover the entire
Mg surface. The finding that a non-magnetic fraction
was not visible indicates that the Fe atoms formed
fractional monolayers and that intermixing of Fe into
the Mg layers was negligible. Another interesting
finding was that the intensity ratio of the six-line

in a surface (and interface) atom layer, “surface
anisotropy,” in which magnetization is oriented
perpendicular to the film plane. In bulky magnetic
materials, the effect of such anisotropy is negligible,
because the volume fraction of the interface parts is
very small. The interface anisotropy is dominant only
when the magnetic layer is extremely thin, and the
whole magnetization may be oriented perpendicu-
larly. Such a situation occurs for Fe/Mg multilayer
structures if the Fe layer thickness is one or two
monatomic layers.

The existence of surface (or interface) anisotropy
was first demonstrated by Gradmann et al.?*) They
observed that the easy direction of magnetization in
FeNi ultrathin film is perpendicular to the film plane
and attributed the origin to the surface anisotropy.
The present author was the second to observe
perpendicularly magnetized film apparently due to
interface anisotropy and the first to report this
finding for multilayer samples. Multilayer structures
with perpendicular magnetization, which is stable
even at room temperature, were realized by Philips
group using samples made of Co/Pd multilayers.?”)
Since then, multilayer structures with perpendicular
magnetization have attracted much attention for
potential application to magnetic recording media.
Particularly promising candidates for magnetic
recording media are Co/Pt and Fe/Pt multilayer
structures.

Although the spectra shown in Fig. 7 were
obtained for different samples with different Fe layer
thicknesses, they can be interpreted as a sequence of
spectra obtained during the growth of an Fe layer.
Initially, Fe atoms deposited on an Mg substrate
form fractional monolayers until there are sufficient
Fe atoms to cover the whole surface. The crystal
structure is regarded as amorphous but there is a
stable ferromagnetic order in the Fe layer, which has
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an easy direction perpendicular to the film plane and
the Curie temperature is fairly low. As the thickness
of the deposited Fe layer approaches 0.8nm, the
magnetization direction gradually turns toward the
film plane. A drastic change in the structure from
amorphous to crystalline bee occurs between 0.8 and
1.5nm. The Curie temperature jumps up a much
higher than room temperature in association with
the crystallographic transformation. The spectra for
1.5nm Fe layers revealed that they were entirely
ferromagnetic and the observed hyperfine field value
was the same as the pure bulk Fe value. The sharp
line width indicates that the bcc Fe layer did not
include Mg impurities. If the sample included a
significant amount of Mg impurities, the amorphous
structure would be stable and the transformation to
a bcc structure would not take place. This means
that the amount of Mg dissolved in the ultrathin
amorphous Fe layer was negligible. It was therefore
concluded that the structure of an ultrathin Fe layer
deposited on an Mg substrate is amorphous, as long
as the thickness remains below a critical value, which
lies between 0.8 and 1.5 nm. If the thickness exceeds
the critical value, a sudden transformation to bcc
takes place.?) Thus, it has been demonstrated that
Fe/Mg multilayers are well suited for investigating
the magnetic properties of “pure” amorphous Fe
metal, although the layer thickness is limited to less
than about 1 nm.

4. Giant magnetoresistance effect
and magnetic multilayers

During the 1980s, magnetic multilayers with
artificial superstructures became the main theme of
the author’s research group. Moreover, in the area of
magnetism research, multilayers were regarded as
one of the most interesting subjects. A plenary talk
presented by the author was a highlight of the
International Conference on Magnetism (ICM) held
at San Francisco in 1985 and magnetic multilayers
gained world-wide attention. Novel physical proper-
ties were expected to be discovered in such artificially
synthesized materials. Several other groups as well
were preparing and investigating multilayers and
many new laboratories designed for their study were
opening up. The investigations focused not only on
the magnetic behaviors but also on their super-
conducting properties. A feature of the author’s work
was that multilayer preparation was originally from
their study of interface magnetism.

A. Fert (in Orsay) was interested in magnetic
multilayers and visited the author’s laboratory in
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1987 to see the equipment used for multilayer
synthesis and to discuss potentialities of such novel
materials. After his visit, he decided to begin the
experiments on multilayers and achieved great
success in 1988 by using Fe and Cr as multilayer
constituents. Independently, P. Griinberg and his
colleagues (in Julich) were investigating the magnetic
properties of the Fe/Cr/Fe sandwich systems.?”)
They measured the magnetic behaviors of the system
by changing the thickness of the Cr spacer layers and
found a rather strong antiferromagnetic exchange
interaction between two Fe layers, separated by Cr
layers, when the Cr layer thickness was around 1 nm.
Namely the Fe layer magnetizations were sponta-
neously oriented antiparallel to each other and
aligned parallel if a large external field was applied.
They measured the magnetoresistance of Fe/Cr/Fe
sandwich films and found that the resistance when
the two magnetizations were antiparallel was larger
than when they were parallel. This result clearly
indicates that the conductance is affected by the
magnetic spin structure, which is the physical
principle of the GMR effect. However the observed
MR ratio in the three-layer system, (about 1.5%),
was not large enough to draw a significant impact.??)

Really ‘giant’” magnetoresistance was first ob-
served by the Fert’s group for Fe/Cr multilayers
in 1988.2Y They intended to visualize the role of
interlayer coupling using samples with a multilayered
structure. They have prepared epitaxial Fe/Cr
multilayers with various Cr layer thicknesses and
the measured magnetic properties including the
magnetoresistance. As reproduced in Fig. 8, surpris-
ing results were obtained for resistance measure-
ments in external fields. For the [Fe (3nm)/Cr
(0.9nm)|ye sample for instance, the resistance at
4 K decreased to almost a half at the saturation field.
The MR ratio was nearly 20% even at room temper-
ature, which is a strikingly large value in comparison
with the conventional MR changes. It has been
known that ferromagnetic alloys exhibit the ani-
sotropic magnetoresistance (AMR) but the MR ratio
is not more than a few percent at room temperature.
The results of Fert’s GMR experiment confirmed the
existence of a strong antiferromagnetic interlayer
coupling, between Fe layers separated by a Cr spacer
layer.

The mechanism of the GMR was phenomeno-
logically explained rather soon after the discovery by
considering the spin-dependent scattering of conduc-
tion electrons. The scattering probability for con-
duction electrons at the interface of the ferromag-



]8 T. SHINJO

[Fe (308) /Cr (18R) 1x30

[Fe (30R) /cr (128) 1x35

[Fe (308) /Cr (9R) 1260

0.5
1 L L 1 ’;F 1 1 L il
A A
4 2 0 : 2 : 4
Magnetic field(T)
re A ) fe —)
Cr Cr
Fe H Fe —’
Cx Cr
Fe —P re —p
b Cr 4 Cr
Fe (— Fe ﬂ
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multilayers.??)

netic layer should depend on the spin direction, up or
down. For instance an up-spin electron can penetrate
without scattering from a Cr layer into an Fe layer
having up-spin magnetization, while a down-spin
electron is scattered. If the Fe layers have an
antiparallel magnetic structure, both up- and down-
spin electrons soon meet an Fe layer having a
magnetization in the opposite direction (within two
Fe layers’ distance), so the probability of scattering
is high for both types of electrons. On the other hand,
if all the Fe layers have parallel magnetizations,
down-spin electrons are scattered at every Fe layer
whereas up-spin electrons can move across a long
distance without scattering. In other words, the
mean-free-path of up-spin electrons can be consid-
erably long, while that of down-spin electrons must
be very short. Total conductance of the system is
the sum of conductances due to up-spin and down-
spin electrons. Because of the long mean free path of
up-spin electrons, the total resistance is much smaller
in the parallel magnetization state than in the
antiparallel one.

The discovery of the GMR effect raised two
key issues; interlayer coupling and spin-dependent
scattering. In addition for the Fe/Cr/Fe sandwich
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system, the existence of antiferromagnetic interlayer
coupling was reported for Co/Cu multilayers and
many other systems. If the interlayer coupling is
antiferromagnetic, the GMR effect is almost always
observed. That is, the resistance in the antiferro-
magnetic state is larger than that in the ferromag-
netic state. In a study of Co/Cu multilayers with
various Cu layer thicknesses, an amazing result was
obtained: the interlayer coupling strength across the
Cu layer oscillated with the variation in the Cu layer
thickness.?” Since the MR effect is caused by the
antiferromagnetic coupling, the observed MR ratio
showed a periodic variation as a function of the Cu
layer thickness. In other words, MR measurements
can be used to verify that the sign of interlayer
coupling is negative. Parkin et al. prepared multi-
layers combining Co and various non-magnetic
metals and found that the oscillation of interlayer
coupling occurs rather generally with a wavelength of
1-1.5nm.3Y

The oscillatory features of simple normal metals
were accounted for by considering the band struc-
tures and quantum well states, and accordingly our
understanding of the electronic structures of simple
metal films has been remarkably advanced.

The GMR effect is caused by the change in the
magnetic structure between antiparallel and parallel
alignments. In the case of Fe/Cr and also Co/Cu
multilayers, the antiparallel configuration that orig-
inates from the antiferromagnetic interlayer ex-
change coupling is converted into a ferromagnetic
configuration by an externally applied magnetic field.
The magnitude of the external field necessary for this
conversion depends on the strength of the interlayer
coupling. Because of the strong interlayer coupling,
the magnetic field required to induce the MR effect in
Fe/Cr multilayers is significantly large (about 2T).
The coupling of Co/Cu system is smaller but the
saturation field is still too high for the MR effect to be
exploited in technical applications such as magnetic
recording sensors.

Another type of GMR was demonstrated by the
author’s group in 1990, by using non-coupled multi-
layer samples.?? Multilayers comprising two mag-
netic elements were prepared by successively stacking
NiFe (3nm), Cu (5nm), Co (3nm) and Cu (5nm)
layers. Since the Cu spacer layers were not extremely
thin, the interlayer coupling between the two
magnetic layers, NiFe and Co, was negligibly small
and so these two layers behaved independently.
While NiFe is a soft magnetic material, Co is a
rather hard one, so the coercive forces for these layers
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magnetoresistance effect occurs in a small field region.

are remarkably different. In the course of magnetic
field sweeping, the magnetization in the NiFe layers
flips much earlier than that in the Co layers and
eventually an antiparallel alignment of magnetiza-
tions is realized. As reproduced in Fig. 9, a great
enhancement in resistance (i.e., the GMR phenom-
enon) was observed in the field region for the induced
antiparallel configuration caused by the difference in
the coercive fields. This demonstration of non-
coupled GMR confirms that the interlayer coupling
has no direct affect on the MR properties. Namely
GMR and interlayer coupling are independent issues.
The establishment of an antiferromagnetic config-
uration in non-coupled GMR multilayer structures
was confirmed by using the neutron diffraction
method. The basic studies in details, on non-coupled
GMR multilayers carried out by the authors group
were surveyed elsewhere.?® It is a feature of non-
coupled GMR multilayers that the external field
necessary to induce the MR change can be weak, in
comparison to the original GMR effect caused by the
interlayer coupling, which is a great advantage from
the viewpoint of application.

For the non-coupled type GMR effect, the spacer
layer has to be thick enough to prevent interlayer

Artificial multilayers and nanomagnetic materials 89
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Fig. 10. Non-coupled GMR effect (MR ratio) for Cu-, Au- and
Ag-based multilayers as a function of spacer layer thickness.
Magnetic layers (NiFe and Co) were 2.5nm thick. Number of
multilayer repetitions was five, for all the samples.

coupling between magnetic layers. However, if the
spacer layer is too thick, the magnitude of the MR
ratio is limited. The maximum MR ratio is obtained
when the spacer layer thickness is the minimum
required thickness. The MR ratio as a function of the
spacer layer thickness has been examined for three
normal metals, Cu, Ag and Au. In all the samples,
the magnetic layer thicknesses (FeNi and Co) were
2.5nm and the number of multilayer repetitions was
5. The observed MR ratio at room temperature is
plotted in Fig. 10 as a function of the spacer layer
thickness.?®) Although the MR ratio for Ag-based
films is large in the region of thick spacer layers, the
maximum value is not larger than that for Cu-based
films. This is because the critical thickness where the
interlayer coupling appears is larger in Ag-based films
than in Cu-based ones. In other words, Ag spacer
layers cannot be very thin in non-coupled GMR
multilayers. This suggests that Cu is the best
material for the spacer layer in non-coupled GMR
multilayer systems. Perhaps this characteristic is not
due to the intrinsic electronic structure of the normal
metals but is related to the quality of the prepared
interfaces. Interlayer coupling was observed in the
Ag-based films, when the Ag layer thickness was
thinner than 5nm, which suggests the existence of
pin holes. If the sample quality of the Ag-based films
could be improved, an MR ratio higher than that of
the Cu-based films might be obtained.

These results for non-coupled multilayers have
clarified the usefulness of GMR for technical appli-
cations. Although the GMR effect is initially ob-
served also in a three-layer structure, ferromagnetic/



90 T. SHINJO

non-magnetic/ferromagnetic, the MR ratios actually
obtained for three-layer structures were not large.
Multilayered structures are needed to enhance the
MR ratio. Therefore, the experiments on multilayers
were actively carried out world wide to identify the
conditions under which the MR ratio is enhanced.
Intensive studies on magnetic multilayers continued,
for about a decade, until the appearance of the TMR
effect (tunneling magnetoresistance).

The technological application of GMR effect was
first realized as magnetic recording heads by using
non-coupled sandwich films with two magnetic
components, such as [NiFe (15nm)/Cu (2.6 nm)/
FeNi (15nm)/FeMn (10nm)], by IBM group.*¥ An
antiferromagnetic FeMn layer is attached to one of
the NiFe layer to increase the coercive force. while
the other NiFe layer behaves freely as a soft magnet.
These magnetic layers are called the “pinned layer”
and the “free layer”, respectively. Although the
MR ratio of the spin-valve system is not large,
satisfactorily high magnetoresistance sensitivity was
achieved.

Concerning enhancement of the MR ratio, the
next breakthrough was obtained in the studies of
tunneling magnetoresistance, TMR.?*3) In TMR
systems, the non-magnetic metal spacer layer in a
non-coupled GMR system was replaced by insulator
spacer layer (i.e., tunneling barrier). In 1996, an
MR ratio of about 18% at 300 K was reported. In
2004, using MgO as the material for the tunneling
barrier, an MR ratio of more than 100% was
obtained.?”)3%)

In recent computers, the capacity of magnetic
recording has been greatly advanced by adopting
perpendicular magnetic recording method invented
by S. Iwasaki.?*) In order to analyze information from
magnetic recording with extremely high density,
read-out heads are required to have enough sensi-
tivity for very small field variation. Magnetoresistive
sensors using the non-coupled GMR principle (i.e.,
GMR head and TMR head) fulfill this requirement
and are actually being used in commercial computers.

The discovery of the GMR effect was an
especially important one from both the fundamental
and application viewpoints. This is evidenced by the
awarding of the Nobel Prize in Physics in 2007 to A.
Fert and P. Griinberg for its discovery.

On the other hand, concerning further develop-
ment of magnetic multilayer studies, it is expected
that the potential use of perpendicularly magnetized
films (e.g., Co/Pt multilayers) as recording media
materials will be explored in the near future.
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5. Nanostructured magnetic systems

The author’s group started to use electron-beam
lithography to prepare nanostructured magnetic
materials (i.e., dots and wires), in the mid-1990’s.
They were one of the first groups to use nano-
fabrication techniques for sample preparation in the
field of magnetism. They initially focused on using
nanofabrication techniques to prepare GMR samples
with a columnar structure. A strategy to obtain an
enhanced GMR effect was to use CPP geometry
(with current perpendicular to the film plane). Since
the resistance of thin metallic films in the direction
perpendicular to the film plane is extremely low,
columnar samples with nanoscale dimensions are
required for CPP measurements. However, the
results of their CPP measurements obtained in the
author’s laboratory were not noteworthy. In con-
trast, their use of nanofabrication techniques to
prepare nanodots and nanowires produced outstand-
ing results regarding magnetic vortices in NiFe dots
and the dynamic behavior of magnetic domain walls
in NiFe nanowires.

(a) Magnetic vortex core. Ferromagnetic
materials generally form domain structures to reduce
the magnetostatic energy. In small ferromagnetic
systems, however, it is not energetically preferable to
form domain walls, so a single domain structure may
be stabilized in a ferromagnetic thin film in a small
area. Another possible spin structure for a nanoscale
magnetic thin film, typically for a circular dot, is a
curling spin configuration (magnetization vortex).
The concept of magnetization vortex structure is
illustrated in Fig. 11. In a magnetic thin film, the
spins tend to lie in the sample plane due to shape
anisotropy. A vortex is a favorable spin structure,
since spin directions change gradually in the plane so
that exchange energy is not lost but the total dipole
energy is canceled out. However, the angle between
adjacent spins becomes significantly large in the
vicinity of the central part, as long as the spin
directions are confined to the film plane. This means
that the magnetizations in a small spot at the center
of the vortex structure should be perpendicular to the
plane. Although this hypothesis was proposed long
ago, there had been no direct evidence reported for
the existence of a perpendicularly magnetized vortex
core. The author’s group succeeded in observing
perpendicularly magnetized vortex cores by using
magnetic force microscopy (MFM), for the first
time.*) They prepared NiFe dots (Ipm diameter
and 50 nm thick) and obtained MFM image as shown
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Fig. 11.
magnetic vortex and vortex core in a dot is also illustrated.

in Fig. 11. In the MFM image, each dot does not
show the usual domain pattern but their profiles are
rather uniform, except for a small spot at the center
of each dot. This suggests that a conventional
magnetic domain pattern does not exist in each dot
and that a vortex structure has been formed. The
vortex cores were either white or dark with random
distribution. When an external field was applied,
the core color was unified, since the direction of core
magnetization was oriented in the field direction.
This is clear evidence that the small spots observed in
the MFM image correspond to the perpendicularly
magnetized vortex cores and each magnetization was
randomly oriented in the initial stage.

Core magnetization switching was studied by
applying an external field to arrays of NiFe dots with
a diameter of 400 nm, and then examining the MFM
images. The magnetic field necessary for complete
reorientation of the core magnetizations depended on
the direction of the magnetic field. For the perpen-
dicular direction, the saturation field was about
0.4T. For the in-plane direction, the core starts to
move and was annihilated at about 0.1T.*) The
dynamic behavior of the core due to an electric
current was recently examined. Namely, application
of a high frequency ac current caused the core to
show resonant behavior and to move along a circular
orbit. Furthermore, it was recently observed that a
nanosecond single current pulse can switch the core
magnetization. This suggests that the magnetic dots
with vortex magnetization are potentially applicable
to magnetic recording memories.*?)

(b) Domain walls in nanowire. Using nano-
fabrication techniques, nanowire systems of ferro-

Magnetic force microscopy (MFM) image of array of NiFe dots (1 pm in diameter and 50 nm thick). Schematic spin structure of
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Fig. 12.
process in a magnetic nanowire. Domain wall propagation was
detected from resistance measurement using GMR principle.

Schematic illustration of the magnetization reversal

magnetic materials, typically FeNi(permalloy), were
prepared and the dynamic properties of their domain
walls were comprehensively investigated. As illus-
trated in Fig. 12(a), a nanoscale wire tends to have
a single domain structure and its magnetization is
preferably oriented in the long axis direction, due to
shape anisotropy. If an external field is applied in the
opposite direction, a magnetization reversal takes
place with the displacement of a domain wall and the
intermediate stage during the magnetization reversal
should be as shown Fig. 12(b). The dynamic behav-
ior of a single domain wall was studied by preparing
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a sample with a trilayer structure as shown in
Fig. 12(c) and using it for resistance measurement.
The trilayer structure consisted of two ferromagnetic
layers and one nonmagnetic spacer layer. The electric
current mainly flowed in the non-magnetic conduc-
tive layer (Cu in this case), but the total resistance
depended on the magnetic configuration of the
adjacent ferromagnetic layers, i.e., parallel or anti-
parallel. This is the principle of GMR effect. The
resistance is proportional to the relative volume of
the antiferromagnetic configuration. If one of the
magnetizations is stable, the position of domain wall
in the other magnetic layer can be determined from
the resistance as illustrated in Fig. 12(d).

The velocity of a domain wall in a nanowire,
when driven by a magnetic field was estimated from
the resistance measurements using a rather long
(2mm) trilayer sample.*®) The trilayer structure was
NiFe (5nm)/Cu (20 nm)/NiFe (40 nm) and the wire
width was 0.5 nm, as illustrated in Fig. 13. The result
of MR measurement, the resistance as a function of
the external field, is shown in Fig. 14(a). Before the
field sweeping, an external field of 50 mT was applied
to align the two magnetizations in one direction
and afterwards an external field was applied in the
opposite direction, increasing at a rate of 2mT/s.
The resistance was enhanced in the field region of
3.5 to 8.5mT, owing to the non-coupled GMR  effect.
The increase at around 3.5mT corresponds to the
reversal of the magnetization in the thinner NiFe
layer. This change did not occur very quickly, since
the external field was moderate and domain wall
pinning may have occurred in the wire. In contrast,
the decrease in the resistance at about 85 Oe occurred
very quickly, due to the magnetization reversal in the
thicker NiFe layer. The displacement of the domain
wall was found to proceed very quickly. To analyze
the magnetization reversal in detail and to estimate
the velocity of the domain wall propagation in the
thicker NiFe layer, a digital oscilloscope was used to
monitor the fast resistance change at about 8.5mT
and the result is reproduced in Fig. 14(b). It should
be noted that the observed resistance change was
almost linear with time, so the velocity is regarded as
a constant. The propagation over the distance of
2mm has taken the time of 13ps. Therefore the
velocity is derived to be 154 m/s. In the time interval
of the velocity measurement, the change in the
applied magnetic field, about 8.5 mT, was extremely
small and thus regarded as a constant. In short, the
dependence of domain wall velocity in a nanowire
on the external field has been systematically studied.
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It is natural that a domain wall can be driven by
applying a magnetic field. However until recently
it was not clear whether an electric current could
drive a domain wall. Current-driven domain wall
propagation is an interesting topic because if it is
a controllable phenomenon, it may have a great
importance from a technical point of view. Ono’s
group used MFM technique to observe domain wall
displacement and succeeded in observing a domain
wall being driven by an electric current (Fig. 15).*
They identified the position of domain wall in a
NiFe nanowire and measured its displacement as a
function of the current pulse duration. Figure 16
shows the domain wall displacement against pulse
duration. From these data, the velocity of the domain
wall was estimated to be 3m/s, demonstrating that a
domain wall can apparently be driven by an electric
current, although it is much slower than the field-
driven case. The major driving force is attributed to
the spin-torque of the electric current flowing in the
ferromagnetic wire.

Magnetization reversal is a key phenomenon for
magnetic devices and the understanding of dynami-
cal domain wall behavior is very important for this
phenomenon. It is usual that the displacement of
domain wall is driven by magnetic field and then the
magnetization reversal is induced. However, current
driven magnetization reversal is advantageous in
terms of energy consumption and therefore it will
be adopted in technical applications in future. The
present result is the first observation for current-
driven domain wall displacement in nanomagnetic
system. In comparison with the field-driven case,
current driven magnetization reversal is advanta-
geous also to enhance the density of magnetic
memories. At the moment, the necessary current
density is very high and the velocity of domain wall
displacement is very slow. Nevertheless, current
driven domain wall motion is an attractive research
area for further development of spintronics.

Remarks

The author initially focused his research on
fine particles. Using Mossbauer spectroscopy, he
investigated the dynamic behavior of superpara-
magnetic particles. Nanoparticle samples of Fe oxide
and hydroxide were prepared as precipitates in
aqueous solution. The particles in solution grew in
a self-organized manner, so the particle size could
not be artificially controlled. Instead, it was regu-
lated by adjusting the conditions of chemical
reaction.
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(a) Resistance as a function of the external magnetic field at 4K for the sample shown in Fig. 13. Field sweeping rate was

2mT/s. (b) Time variation of the resistance during the magnetization reversal of the NiFe (40 nm) layer. Applied field was practically

constant during the measurement, 13 mT.

To study ferromagnetic metal interfaces, inter-
face-selectively enriched samples, combining two
stable isotopes, *Fe and °"Fe, were prepared by
ultrahigh vacuum (UHV) deposition. The film thick-
ness was controllable to the atomic scale, This
technique for UHV deposition was used to fabricate
multilayers with artificial superstructures containing
two or more elements. Such multilayers are regarded
as new materials that do not exist in nature. It was

therefore expected that they would exhibit novel
physical properties. In fact, the giant magnetoresist-
ance (GMR) effect was discovered using magnetic
multilayers.

GMR was first observed in 1988, in Fe/Cr
multilayers by a French group. Soon thereafter,
the author’s group prepared non-coupled GMR
multilayers, that exhibited the GMR effect in a
relatively small magnetic field region, demonstrating
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its potential for technical application. Actually,
magnetoresistance sensors, using the principle of
non-coupled GMR effect, are serving as magnetic
recording heads for commercial use.

Using electron-beam lithography, the authors
group prepared nano-dots and wires of ferromagnetic
thin films and studied the dynamic behavior of
magnetic vortices in dots and of domain walls in
wires. The velocity of domain wall motion, driven by
electric current, in a nanomagnetic system, has been
estimated for the first time.
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