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Several recent experimental studies on microstructured samples of ferromagnetic materials are
described. Magnetization reversal phenomena were investigated on submicron wire samples con-
sisting of two magnetic layers with different coercivities utilizing the giant magnetoresistance
(GMR) effect. From resistivity measurements, the domain wall movements are sensitively mon-
itored and the velocity of propagation is determined. Experiments to estimate the contribution
of domain wall to the resistivity arc also introduced.
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Introduction

§1.

Microfabrication techniques have been utilized rou-
tinely in the field of semiconductor physics to prepare
mesoscopic systems. It has been well recognized that
electronic structures are modified by artificially designed
microstructures and eventually novel phenomena are ex-
hibited. For metallic and magnetic systems, on the other
hand, the use of microfabrication techniques has not
yet been common, although the properties of mesoscopic
magnetic systems are of great interest both from basic
and technical viewpoints. In the present article, sev-
eral experimental studies on the magnetic properties of
microstructured systems recently carried out by the au-
thors’ group are described.

The discovery of giant magnetoresistance (GMR) ef-
fect!>?) has given us a breakthrough, and in the last

# decade various studies relating to GMR have been pro-

moted intensely.?) It is still crucial to investigate the
condition to realize a large MR ratio at room temper-
ature under weak magnetic fields. A possible method
to enhance the MR ratio is to utilize the CPP (with
current perpendicular to the plane) geometry.*) Almost
all GMR experiments have been made in the CIP (with
current in the plane) geometry and those in CPP ge-
ometry have been very limited because of the resistance
being extremely small. This inconvenience is avoided if
we use microstructured samples. For the authors. the
initial purpose to install the microfabrication equipment
was CPP-MR studies. As introduced in the next section,
GMR studies on multilayers deposited on substrates with
V-shaped micro-grooves have been carried out, whose ge-
ometry is named CAP (with current at an angle to the
plane).5) Since the CAP geometry lies in between CIP
and CPP, an enhancement of MR ratio is expected.

By depositing a ferromagnetic material on a V-groove

* E-mail: shinjo@scl.kyoto-u.ac.jp

substrate in a tilted direction, an array of microwires is
prepared and magnetization reversal phenomena of fer-
romagnetic wires have been studied. The concept of do-
main wall has been established long time ago and exten-
sive studies on domain walls have been made already on
various magnetic systems.®) Recently, magnetic domain
walls in mesoscopic scales have attracted renewed atten-
tion since the possibility of macroscopic quantum tun-
neling (MQT) process was predicted.”) Pioneering stud-
ies on MQT in mesoscopic systems have been reported
by several groups.®?) In ultrathin wires of a ferromag-
netic material, the direction of magnetization is limited
so that it is parallel to the wire axis because of the shape
anisotropy. If there is only one domain wall, the magneti-
zation reversal is regarded as propagation of the domain
wall. In case that the cross section of the wire is very
small, the domain wall size also should be a mesoscopic
scale and the domain wall is expected to behave as a
quasiparticle. It is of great interest to observe the prop-
erties of single domain wall in a very narrow wire. The
authors have prepared single wire systems consisting of
two magnetic layers with different coercivities and suc-
ceeded in observing the domain wall movements in sub-
micron wires utilizing GMR effect. In the third section,
several results on single wire systems are described.

In the region of domain wall generally, spin directions
of each atom vary gradually and a non-collinear spin
structure is formed. The disordered spin structure may
influence the conductivity but the contribution of a do-
main wall to the resistivity is very small and still an open
question. In the last place, this problem will be argued
with introducing latest experimental results.

§2. GMR Studies in CAP Geometry and Mul-

tiwire Systems
The method to prepare a microstructure with V-

shaped grooves on Si substrates has been established in
the field of semiconductor technologies. The period of
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artificially prepared grooves in the present experiment,
was typically 1 pm. For the study of GMR in CAP ge-
ometry, multilayers exhibiting non-coupled type GMR
effect’® were deposited on V-groove substrates rather
thickly along the normal direction to the initial Si sur-
face (Fig. 1(a)). Then the electric current parallel to
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Fig. 1. (a) Structure of multilayers deposited on a V-groove sub-

strate for the study of GMR in CAP geometry. (b) Non-coupled-
type GMR curves for CAP and CIP geometries. The composi-
tion of the multilayer is [Co 12 A/Cu 116 A/NiFe 12 A/Cu 116
Alx 91.

the initial Si plane has an angle of 55° to the multilayer
interfaces. Enhancement of MR ratio owing to the CAP
geometry was confirmed as shown in Fig. 1(b).!)) From
the same sample. the MR values in the normal CIP ge-
ometry are able to estimate by taking the direction of
current to be parallel to the grooves and the CIP-MR
value thus observed is also shown in the same figure for
comparison.

An array of wires with a submicron width is prepared
by depositing in a tilted angle as shown in Fig. 2(a).
The deposited film is divided into a wire shape at each
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Fig. 2. (a) Structure of wire array deposited on a V-groove sub-
strate. The arrow indicates the directions of deposition. (b)
Magnetization and (c) resistivity both at 300 K of wire arrays
with a nominal structure of {NiFe 100 A/Cu 100 A/NiFe 10 A/Cu
100 A/NiFe 100 A] as a function of external magnetic field.

groove and subsequently an array of wires is prepared.
Using a V-groove with a pitch of 0.5 ym. wires with 0.3
pm width are obtained. In a sample on a Si substrate
with an area of 10 mm x 10 mm. about 2000 pieces are
included. Sugita et al. have prepared wire samples of
permalloy (NiggFesq) with various thicknesses and from
magnetization measurements they found that the coer-
cive force of the permalloy wires increases with increase
of thickness in the region up to about 300 A.1?) In this
region, magnetization is almost restricted in the plane
even during domain wall nucleation. Accordingly the
coercive force depends on a demagnetizing factor per-
pendicular to the wire axis in the plane. In this case the
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demagnetizing factor is proportional to the layer thick-
ness. Therefore, in the thickness region below 300 A, the
coercive force of permalloy layer is controlled by varying
the thickness. For thickness greater than 300 A, magne-
tization direction can be directed out of the plane. This
causes to decrease the total energy during domain wall
nucleation. Therefore the coercive force decreases grad-
ually with increase of thickness. Using permalloy layers
with different thicknesses. a non-coupled-type GMR mul-
tilayer system is realized in a wire array sample. For ex-
ample, the obtained results for a multiwire sample with
a nominal structure of [NiFe 100 A/Cu 100 A /NiFe 10
A/Cu 100 A/NiFe 100 A] is shown in Figs. 2(b) and
(c).}® The coercive force of thin NiFe layer (10 A)is
fairly small but that of the thicker one is larger than 100
Oe. In the magnetization curve, a small lump is observed
at about 20 Oe. corresponding to the reversal in the 10
A layer. In contrast, the resistivity change at this field
is strikingly large, that is the GMR effect. because the
magnetizations are antiparallel in the field region from
20 to 100 Oe. Until the reversal of magnetization in the
thicker layers. the antiparallel magnetic arrangement is
held and the resistivity has little change. If the external
field is larger than 100 Oe. all magnetizations gradually
saturate and the resistivity returns to the initial zero field
value. It is noteworthy that owing to the GMR effect.
the resistivity change is much more remarkable than the
corresponding change in the magnetization curve. The
present results prove that resistivity measurements are a
useful method to detect magnetization reversal phenom-
ena sensitively.

Concerning magnetization reversal phenomena. from
resistivity measurements on multiwire samples, we ob-
tain a statistical information. It is a merit of multiwire
samples that the magnetization is able to measure and
compared with a change in the resistivity. Several other
experimental techniques may be applicable because of
sample including many wires. On the other hand, it is of
great interest and significance to detect the behaviors of
domain wall in a single wire sample. The present results
suggest that the resistivity measurements utilizing the
GMR effect have a sufficient sensitivity to observe mag-
netization reversal phenomena in a single wire sample.

§3.

Magnectization in a single wire with submicron width
is too small to measure by normal experimental tech-
niques and it is not easy to study magnetization reversal
phenomena in single wire samples. The results on multi-
wire samples described in the preceding section suggest
that the resistivity measurements utilizing GMR effect
may have a capability to detect magnetization reversal
phenomena in single wire samples. Samples for resistiv-
ity measurements having a pattern shown in Fig. 3(a)
were prepared by electron-beam lithography apparatus
(JEOL JBX-5000) using lift-off method. The content
is the following trilayer structure. [NiFe 200 A/Cu 100
A/NiFe 50 A] and the wire width is 0.5 ym. The dis-
tance between the probes for resistivity measurements
is 20 um. In addition. the sample has a neck point at
1/3 distance from one voltage probe, where the width
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Fig. 3. (a) Structure of single wire sample for the resistivity mea-
surements. The width is 0.5 um. The distance between two volt-
age probes is 20 um and a neck was artificially prepared at 1/3
distance from one probe. {b) Resistivity at 300 K as a function
of external magnetic field.

was artificially narrowed (0.35 ym width). Domain wall
propagation is expected to be pinned at the neck. The
resistivity as a function of the applied field at 300 K is
shown in Fig. 3(b). Prior to the measurement. a mag-
netic field of 100 Oe was applied in order to align all
magnetization parallel. Then the resistivity was mea-
sured with sweeping the external field. In the figure. the
enhancement of resistivity owing to the GMR effect is
clearly observed.!?)

Both the increase and the decrease of resistivity have
two steps and the jumps between the steps are very fast.
The relative height ratio of the two steps is 1:2 at both
increasing and decreasing. This result means that 1/3
of the magnetization is reversed first and therefore the
magnetic structures at each step should be as illustrated
in the figure. As expected. a domain wall is trapped
at the neck point and is stopping for a while. If the
external field exceeds a certain critical value, the domain
wall is depinned or another domain wall comes from the
other side and walls arc cancelled out. At the situation
where magnetizations in two layers are antiparallel. the
resistivity is kept to be the maximum. Although we have
no other information than the resistivity. it is no doubt
that the magnetic structure at each step is as illustrated
in the figure because of the sharp two-step changes with
the relative heights of 1:2 and therefore all the process is
interpreted as a movement of single domain wall.

By a magnetization measurement, it is hard to detect
a magnetization change in a microwire with a dimension
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of 100 Ax 0.5 g x 20 um. In addition to the wire part.
the terminal parts for resistivity measurements are also
made of the same magnetic layers. which have a much
larger contribution in the magnetization. The present re-
sults indicate that the resistivity measurement utilizing
GMR effect has an enough sensitivity to study magneti-
zation reversal phenomena in a single wire while no infor-
mation is available from magnetization measurements.

The resistivity measurements are useful also to esti-
mate the velocity of domain wall propagation. There
are several techniques to observe magnetic domain struc-
tures, such as magnetic force microscopy (MFM). spin-
polarized LEED and Kerr microscopy. However. it is
generally difficult to observe dynamical behaviors of do-
main walls in extremely small systems. A typical quan-
tity to characterize the dynamical properties of domain
wall is the velocity of propagation. Using the resistivity
method. the estimation of velocity has been attempted.
The result shown in Fig. 3(b) suggests that the velocity
of the domain wall propagation in the distance of 20 um
is too fast to measure. For the velocity measurements,
therefore a sample with 100 times larger length (2 mm)
was prepared. The width is the same 0.5 um and the
constitution is [NiFe 400 A/Cu 200 A/NiFe 50 4] and
no neck was prepared. The resistivity change as a func-
tion of external field at 77 K is shown in Fig. 4(a).!®
Prior to the field sweeping, 500 Qe was applied to align
the magnetizations in one direction. The sweeping rate
of the field was 20 Oe/s. It is confirmed that the resistiv-
ity is enhanced in the field region of 35 to 85 Oe by the
non-coupled type GMR effect. The increase at about 35
Oe corresponds to the reversal of magnetization in the
thinner NiFe layer and the decrease at about 85 Oe, in
the thicker one. The former one is rather slow because
pinning and depinning of domain wall shouid take place
in moderate external fields. In contrast, the decrease of
the resistivity caused by the reversal of the thicker layer
is very fast. The time dependence of the resistivity was
recorded by using a digital oscilloscope. The observed
resistivity as a function of time at the applied field of
88 Oe is shown in Fig. 4(b). Because the field sweeping
speed is very slow, the external field during the domain
wall propagation is actually constant. The resistivity
changes almost linearly with time and from the gradient
we can derive the velocity of the domain wall propaga-
tion. The time length to travel the distance between the
terminals (2 mm) is measured to be about 11 ps and
therefore the velocity is calculated to be 182 m/s. It is
to be noted that the domain wall motion is very fast but
the velocity is nearly constant for the propagation in the
probing region. This result gives us an evidence that a
domain wall in a small wire is regarded to behave as a
particle.

The results in Figs. 3 and 4 indicate that ihe domain
wall propagations occur suddenly if the external field ex-
ceeds a critical value. The critical field for magnetization
reversal corresponds Lo a potential barrier for a domain
wall and therefore it should be a crucial physical quan-
tity for the arguments of domain wall dynamics. How-
ever. it has been noticed that the observed critical field
values for these samples are not unique but have consid-
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Fig. 4. Resistivity at 77 K of single wire sample, [NiFe 400 A/Cu
200 A/NiFe 50 A] with an extended length, 2 mm. (a) As a func-
tion of external field. (b) As a function of time, at an external
field of 88 Qe.

erable distributions. If the magnetic field sweeping was
repeated, the magnetization reversal (i.e., the change of
resistivity) occurred each time at different fields. The
reason is thought to exist in the structure of the wire
sample. Since the terminal parts also have been com-
posed of the same magnetic materials, the nucleation of
magnetization reversal starts at the parts with large ar-
eas and domain walls should move from terminal parts
to the wire region. The connecting parts between termi-
nal and wire, especially elbow-shape parts may pin the
domain wall.

Very recently, improvement of the quality of wire sam-
ple has been attempted in the following manner. In order
to control the nucleation of magnetization reversal and
identify the structure of domain wall, only the wire part
of the sample was prepared by ferromagnetic materials
and the terminal parts were by a non-magnetic metal
(Cu). In addition, at one end of the wire, a wide area
part was attached (so-called pad) to specify the nucle-
ation site (see Fig. 5(a)) . The results in Figs. 5(b) and
(c) were obtained for a sample whose magnetic layers
were consisting of permalloy and cobalt.'®

Similarly to the results in Figs. 3 and 4, abrupt re-
sistivity changes due to the individual reversals of mag-
netization in permalloy and cobalt layers are observed.
For this sample, the values of external field for the re-

~
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Fig. 5. (a) Schematic illustration of a [NiFe 20 A/Cu 20 A/Co
40 A] nanowire with a pad at the edge. (b) Resistance as a
function of external magnetic field H parallel to the wire axis at
300 K. (c) Angular dependence of the switching field H.. of the
Co layer at 300 K. The magnetic field was applied in the plane
of the substrate at an angle 8 with respect to the wire axis.

sistivity change are almost unique. having a reasonably
good reproducibility. The reversal process of the present
sample is considered to be the following. The nucleation
starts in the pad area but a domain wall is trapped at
the connecting position between the pad and wire. If the
external field attains to a critical value, the domain wall
starts to propagate. This model is verified by the mea-
surement with changing the direction of external fields
relative to the wire axis. With increase of the angle. 8,
from the axis, the critical field. H,,, . increases as shown
in Fig. 5(c). However. H;cosf is found to be constant.
Namely the component of magnetic field to the direction
of the axis is the same. The domain wall starts to propa-
gate when the magnetic field strength to the propagation

direction reaches to a certain value. which indicates the
existence of a well-defined barrier for the domain wall.
A systematic study for refined samples is in progress.

§4. Resistivity of Domain Wall

In the preceding sections, studies on domain walls uti-
lizing GMR effect were introduced. In those resistiv-
ity measurements the electric currents have mainly flown
in the spacer (non-magnetic) layers and a contribution
of domain walls in the magnetic layers was negligible.
In domain wall regions, spin directions of each atom
are varied gradually and the non-collinear spin struc-
ture may influence the conductivity.!”!®) There have
been several experiments to study the contribution of do-
main walls to the conductivity using films and wire sam-
ples.19-22) However because the contribution is small and
also anisotropic magnetoresistance (AMR) is predomi-
nantly superposed, a conclusive result has not yet been
obtained. Whether the existence of domain walls en-
hances or reduces the conductivity is still an open ques-
tion.

The authors group has prepared a model system to
study the contribution of a domain wall to the conductiv-
ity by utilizing an exchange-spring bilayers. which consist
of soft magnetic (NiFe) and hard magnetic (CoSm) lay-
ers with an exchange coupling at the interface.?3) In this
system, the magnetic moments in the soft magnetic layer
are pinned by the hard magnetic layer at the interface.
When an inverse magnetic field is applied to the satu-
rated state along the easy axis (the « direction), the mag-
netic moments start to rotate at a certain magnetic field
with the directions distributed as a function of the depth
from the interface (Fig. 6(a)). The magnetic moments
rotate reversibly as the magnetic field increases. until
the moments in the hard magnetic layer are reversed
abruptly to the saturation by an irreversible magneti-
zation process. The direction of the magnetic moments
at each magnetic field during the reversible magnetiza-
tion process can be calculated from the condition that
gives the minimum in the sum of the exchange, Zeeman,
and magnetic anisotropy energies. Therefore, the NiFe
layer is regarded as a model system which has a well-
characterized magnetic structure with gradually rotat-
ing magnetic moments. When the magnetoresistance of
a NiFe/CoSm bilayer is measured in a current-in-plane
geometry, the electric current mostly flows in the NiFe
layer. since the resistivity of the CoSm layer is about 100
times larger than that of the NiFe layer. The magnetore-
sistance measured in this way corresponds to that for an
electric current parallel to a Bloch wall.

The magnetoresistance of NiFe(300 4)/CoSm(1000 A)
measured with the electric current parallel (p..) and
perpendicular (p,,) to the magnetic field are shown in
Fig. 6(b). A reversible change is observed in the mag-
netic field range where the reversible magnetization pro-
cess takes place. The curves measured in the two geome-
tries appear to be a mirror image of each other relative
to the horizontal axis. This fact implies that the effect
due to AMR, i.e., the magnetoresistance dependent on
the angle ¢ between the magnetization and the electric
current. is dominant in the observed magnetoresistance.
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Fig. 6. (a) lllustration of an exchange-spring state in a soft-

magnetic/hard-magnetic bilayer. (b) Magnetoresistance curves
of NiFe(300 A)/CoSm(1000 A) with the electric current parallel
(p=z) and perpendicular (pyy) to the magnetic field at 300 K.
Reversible and irreversible processes are shown by double-headed
and single-headed arrows, respectively. (c) Average of p-- and
Pyy; a positive magnetoresistance effect is obtained after cancel-
ing out the AMR effect.

In the present system. the direction of magnetic moment
relative to the electric current is different as a function of
the depth from the interface. If the phenomenological an-
gular dependent equation for AMR (i.e., AMR o cos?¢),
which is valid for uniformly magnetized films. is applied
to such a system. the local resistivity is distributed as a
function of the depth from the interface. The AMR of
the NiFe as a whole is estimated from the parallel cir-
cuit of the distributed local resistivity. The calculated
resistivity reproduces the feature of the reversible parts
in Fig. 6 (b) well. If the magnetoresistance due to the
electric current flowing in the NiFe layer is only from the
AMR effect. the average of p,, and p,, should be al-
most constant, independent of the rotation angles. The
experimental average (pav) of pz» and py, for NiFe(300
A)/CoSm(1000 A) shows a small positive effect as shown
in Fig. 6(c). The result indicates that a positive mag-
netoresistance effect that cannot be explained with the
AMR effect exists in the observed p,, and pyy. The
average resistance p,, increases as the relative angle be-
tween the magnetic moments in the NiFe layer increases.
Therefore the effect is thought to be due to a GMR-type
effect, i.e., magnetoresistance dependent on the relative
configuration of magnetic moment. In this way. it was
found that the magnetoresistance of a NiFe layer with
gradually rotating magnetic moments is composed of an
AMR-type effect of several % and a GMR-type effect of
less than 0.1%.

A preliminary experiment to control the domain nu-
cleation in a wire has been carried out very recently.?4)
As shown in Fig. 7(a), a wire of permalloy with attaching
CoSm pads was prepared using the e-beam lithography
method. The permalloy wire is 200 A thick, 1 ym width
and 300 pm length and CoSm pad, 400 A thick and 30
x 30 pm area. After saturation. by applying a mod-
erate field inversely, the major parts of permalioy layer
without covered by CoSm pad change the magnetization
direction while the covered parts by CoSm pads main-
tain the initial direction of magnetization and eventually
two domain walls per each pad are produced artificially
(Fig. 7(b)). The Cu terminal leads have been attached
to measure the resistivity of each part. The result of
resistivity measurements shows that a domain wall con-
tributes to reduce the resistivity and the contribution is
proportional to the number of domain walls (Fig. 7(c))-
This result proves that the domain wall nucleation is sat-
isfactorily controlled. The reduction of resistance due to
a domain wall in this case is interpreted to be the AMR
effect since in the domain wall region the spin directions
are deviated from the current direction (parallel to the
wire axis). The size of the negative resistance coutribu-
tion observed here is a reasonable one as an AMR effect.
if the wall width in the wire is several times larger than
that in bulk permalloy. The temperature dependence
of the domain wall resistance shows a similar tendency
to that of AMR for bulk permalloy, which also evidences
that the negative resistance is from AMR. Because AMR
contribution is much dominant, it is not possible to judge
the existence of other contribution to the resistivity from
domain walls.
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Fig. 7. (a) Schematic image of a NiFe nanowire with CoSm pin-
ning pads. (b) No-wall state (magnetically saturated state) and
2N-wall state. (c) The size of negative resistance as a function
of domain wall number.

§5. Summary

Experimental studies on the following subjects are
briefly surveyed and the usefulness of microfabrication
techniques for magnetic materials research is introduced.
(1) GMR studies have been made on multilayers pre-
pared on V-groove substrates and an enhancement of
MR ratio due to the CAP geometry is observed.

(2) Submicron ferromagnetic wires were prepared by de-
positing on V-grooves in a tilted direction. From re-

sistivity using GMR effect, magnetization reversal was
detected.

(3) Behaviors of a single domain wall in a single wire
system prepared by microfabrication technique were also
studied from resistivity measurements. The velocity of
domain wall propagation is estimated.

(4) The nucleation and propagation of a single domain
wall in a single submicron wire were satisfactorily con-
trolled.

(5) A positive magnetoresistance due to a GMR-type
effect from a domain wall was observed in an exchange-
spring bilayer system.

(6) A wire system with designed number of domain walls
was successfully constructed by attaching hard-magnetic
pads and the resistivity due to a domain wall was esti-
mated.
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