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Exchange biasing of a Néel wall in the nanocontact between NiFe wires
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We fabricated nanocontact structuré@gpically in a range from 1% 13 nnt to 20X 40 nnt)

between Nj;Fe g wires using electron-beam lithography and a lift-off process. In the magnetization
reversal process for each sample, two kinds of magnetic domain walls with different magnetic
configurations were trapped at the nanocontact between the two wires. The directions of the
magnetization in the nanocontact were different between the two domain walls. These walls yielded
different values of electric resistance and different depinning fields. The magnetization of the
nanocontact suppresses or assists the magnetization rotation in the connected magnetic element
through exchange interactigaxchange biasingwhich causes the differences in the depinning field

and dominates the magnetization process of the magnetic elem&@0® American Institute of
Physics [DOI: 10.1063/1.1829143

I. INTRODUCTION ferent depinning fields in a series of samples using magnetic
force microscopy(MFM) observations. We also observed
The magnetization configurations and the magnetizationwo kinds of magnetization processes in each sample using
reversal processes in patterned elements of submicron sizglR measurements. It was found that these differences in the
made of magnetic films, can be varied by controlling themagnetization processes arise from the differences in the di-
sample shape. The spin configuration of a magnetic domairections of magnetization in the nanocontact.
wall (DW) can also be varied by controlling the sample
shape. The DW width generally depends on the_ exchangﬁ' SAMPLE PREPARATION
stiffness constant and the magnetocrystalline anisotropy or
shape anisotropy. However, the condition changes if the We developed a nanocontact structure between two
magnet has a very small constriction. It has been theoretiNig;Fe,q wires with different widthg340 and 180 nmand a
cally predicted that the DW in a small constriction becomesthickness of 10 nm. Figure 1 shows a schematic illustration
as small as the size of the constrictfthOn the other hand, of a typical sample and a scanning electron microscopy
a large magnetoresistan@dR) ratio was experimentally ob- (SEM) image of the area around the nanocontact. The
served for a point contact between macroscopic ferromagsamples were patterned on thermally oxidized Si substrates
netic metald and oxides. The large change in resistance is using electron-beam lithography with ZEP520-22 resist,
considered to be due to the formation of a DW at the poinie-gun deposition in a vacuum ofx110°® Torr at room tem-
contact, where the spin rotation ends for several atoms. Howperature, and a lift-off process with 2-butanone. We esti-
ever, the type of spin configuration of the DW confined to themated the nanocontact size from the SEM image to be 15
point contact has not been confirmed experimentally. In thisx 13 nn?. Such a small contact size was realized in the fol-
article, we report the magnetic structures and properties dbwing manner. Several samples with different designed dis-
the DW in a nanocontact between ghfieg wires, which  tances between two wires were patterned on the same sub-
were fabricated using electron-beam lithography and a liftstrate. Incidentally, we obtained extremely small contact
off process. We observed four kinds of DWs with two dif- structures among these samples. The size of the contact de-
pends on the sharpness of the tip structure of the two wires.
dauthor to whom correspondence should be addressed; electronic mai§0 far, we have fabricated a contact size as small as 15
miyake@ssc1.kyoto-u.ac.jp X 13 nn? using the finest resolution of the electron-beam
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for the calculation. Since the number of meshes used for

94nm 46 nm calculation is limited by the finite memory of the computer,

the calculation was carried out under the following boundary

(I"-:[) conditions. The magnetization directions of both ends of the

181 nm simulated area were fixed along the wire axis, so that the
342 nm magnetic charges of the end of the wires were not considered

in this calculation.
et nanocontact
s i s IV. RESULTS AND DISCUSSION
10 um 10 um 5um A. MFM observations

: : The DWs trapped at the nanocontacts were observed us-

[ ; i ing MFM at room temperature. The sizes of the observed

nanocontacts were in the range from X153 nnt to 20
Cil. Biobes X 40 nnt. Figure 2a) shows the MFM image at zero field
P after applying a field of —400 Oe. We can see two types of

signals in the imageéwhite signals at the edge of the wider

FIG. 1. Schematic illustration of the shape of a typical sample and the SEMNire and black signals at the edge of the narrower wire
image of the nanocontact between two wires. The narrowest square between

two wires is defined as “nanocontact” in this article. The size of the nano-originating from the diﬁere_nt magnetic_charges. The image
contact estimated from the SEM image was<iB3 nn?. shows that the magnetizations of the wires are parallel to the
wire axis up to the edge and a DW does not exist at the

lithography system. A pad was attached at the end of thanocontact. Two types of DWs were then found to be
wider wire, and the narrower wire was sharply pointed.trapped at the nanocontact when a field sweep of =400 Oe
These particular shapes were introduced in order to controf” +100 Oe—0 Oe was repeated for the same santpigs.

the direction of the DW injection. When a magnetic field is 2(0) and 2c)). Dark signals were observed at the edges of
applied parallel to the wire axis, a DW is injected from the the two wires in the images in Figs(§ and Zc), indicating

pad and the magnetization reversal takes place in the widdhat the magnetization directions of the two wires face the
wire.® The DW is depinned from the nanocontact when thecontact. In Fig. 2), the dark signals in the wider wire ap-
magnetic field reaches the coercive field of the narroweP€ar at the bottom of the edge, while those in the narrower
wire. The sharply pointed structure prevents the nucleatiod/iré concentrate at the nanocontact. On the other hand, in
of another DW from this enflin this manner, the magneti- Fig. 2(c), the dark signals in the wider wire concentrate at the
zation process is characterized by the two critical fields cornanocontact, while those in the narrower wire gather at the
responding to the DW injection field from the pad and thebottom of the edge.. The magnetization configurations in-
depinning field from the nanocontact when the magnetiderred from the MFM images have been shown by the arrows
field is applied parallel to the wire axis. The magnetizationOn the right side of each MFM image. We define the DW of
process was confirmed experimentally using Kerr microsfig- 2b) as 90°A DW and that of Fig. &) as 90°B DW,

copy observatiorfsfor samples with different sizes and an Since the magnetization rotation inside the nanocontact is
identical shape. expected to be nearly 90° as shown in the illustrations of

Figs. 4b) and 2c). The depinning fields of the DWs were
estimated for all the observed samples by repeating a field
sweep of B—-H—0 in situ with increaments oH and the
MFM observations were performed in a vacuum of 1scanning of the MFM image at zero field. The depinning
X 107 Torr using a SPI-3800N system from Seiko Instru-field of the 90°A DW and 90°B DW were found to be 160
ments Incorporation. Low-moment probes of CoPtCr wereand 110 Oe, respectively. In some of the other samples, we
used in order to avoid the influence of stray fields from thefound two other types of DWg~igs. 2d) and Ze)]. The dark
probe. signals in the narrower wire in these DWs slightly shift from
The MR effect was measured by a dc four-probe methodhe center of the nanocontact to the top and no signal appears
using physical property measurement syst&RMS from  at the bottom edge. Therefore, the magnetization of the edge
Quantum Design. The current and voltage probes used on thw the narrower wire tilts from the wire axis as that of the 90°
samples consisted of a nonmagnetic material, Cu, with 8 DW. On the other hand, the signals in the wider wire
thickness of 20 nm. The distance between the voltage probemllect at the top of the edge as shown in Figd)2and
was 1um (Fig. 1). A current of 20uA, which is small  collect at the bottom of the edge as shown in Fi@)2The
enough to not cause a DW motion by the spin injecﬁ’Bn, magnetization configurations inferred from the MFM images
was used for the measurements. in Figs. 2d) and 2e) are shown on the right side of the
The magnetic structures around the nanocontact werignages. We define the DW shown in Figdpas 0° DW and
calculated using the micromagnetics simulation on the basithat shown in Fig. &) as 180° DW. The depinning fields of
of the Landau—Lifshiz—Gilbert equation. A unit-cell size of these DWs were found to be 110 Oe. This value is the same
2.5X 2.5 nnt with a constant thickness of 10 nm, magneti- as that of the 90°B DW. The 90°A DW also appeared
zation of 1.08 T, and a damping parameter1.0 were used occasionally in the samples where the 0° DW or the 180°

lll. EXPERIMENTS
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FIG. 3. Two types of MR curves observed at 300 K in the same satapte
with the same saturation field of -5 k{peThe nanocontact size of the
sample is 1& 38 nnt.

two appearing DW structures. The appearing DWs are be-
lieved to depend on a small difference in the crystalline grain
6001 90-degree-B configuration or oxidization in the nanocontact or the edges.

The switching field of the narrower wire for a discon-
nected sample was also measured using MFM, to be com-
pared with the depinning field of the connected samples. Two
types of magnetization configurations of the disconnected
edges, which correspond to those in the 0° DW and 180°
DW, were found for the same sample at zero field. In both
cases, the switching field of the narrower wire was 145 Oe.
This value is smaller than 160 Oe and larger than 110 Oe.
This implies that the presense of a nanocontact increases the
switching field of the narrower wire when the 98°DW is
formed, and decreases the switching field when the B0°
DW, the 0° DW, or the 180° DW are formed.

B. Magnetoresistance effect

The appearance of two types of DWs was also found in
the MR measurement. Prior to the MR measurement, a mag-
netic field of -5 kOe was applied parallel to the wire axis in
order to align the magnetization in one direction and then the
field was swept in the counterdirection. We repeatedly mea-
sured the MR curves at 300 K. Figure 3 shows the two types
FIG. 2. (Color) MFM images of the area around the nanocontact at rema-0f the MR curves between 0 and 250 Oe obtained in the
nent magnetization state after fields @ —400 Oe—0 Oe and(b) to (e) same sample. An abrupt decrease was observed at 80 Oe; the

—-400 Oe— +100 Oe were applied. Imagés, (b), and(c) were observed in . . . .
the same sample. Imagés) and (e) were observed in two other different resistance remained almost unchanged until the field reached

samples. The magnetizations of the edges rotate from the wire axis or poik10 Or 160 Oe, when it abrubtly changed to approximately
to the wire axis. The rotation angle of the magnetization in the nanocontacthe same value as that before the decrease at 80 Oe. These
depends on the relative angle of the magnetization of the two edges. fields correspond to the DW injection into the nanocontact
and depinning from it, respectively. Since the magnetic fields
DW was primarily observed. In this manner, the two types offor the decrease are the same, as shown in Fig. 3, it is con-
DWs with different depinning fields appeared in the nano-cluded that both the types of DWs are nucleated from the pad
contact in each sample. The combination of the two DWsat the same injection field. The small negative contribution to
appearing in repeated measurements was an inherent featuhe resistance by the DW is believed to be due to the aniso-
of each sample. The energies of the four DWs are expectetopic magnetoresistancdAMR) effect’® and the value is
to change with the contact size. However, we have not deconsistently explained with the change in resistance of ap-
termined the correlation between the contact sizes and theroximately —1% obtained for the field applied perpendicu-

Downloaded 02 Sep 2010 to 133.68.192.97. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



014309-4 Miyake et al. J. Appl. Phys. 97, 014309 (2005)

larly to the wire axis. Since the AMR effect depends on the y
angle between the magnetization and the electric current, it is | 5 ko
natural to attribute the difference in values of the resistance Oz

change in the two MR curves to the two types of DWs 640 nm
pinned at the nanocontact having different magnetization
components to the wire axis. There is also a difference in the; 50 nm
depinning field between the two MR curves at 110 and
160 Oe. The values of the resistance change and depinnin
fields are consistent with the result of MFM observations.
Judging from the magnetic structures in Fig. 2, the 80°

DW, which has a larger depinning field, is expected to gen- (a)
erate a larger resistance value of AMR change than the othe
three types of DWs, which have a smaller depinning field. It

is concluded that the difference between the two MR curves
arises from the two DWs pinned at the nanocontact having
different magnetic structures and depinning fields. The MR
results confirm that the appearance of the two types of DWs

in the MFM observations is not an effect of stray fields from (b)
the magnetic probe.

C. Micromagnetics simulations

We found two types of DWs with different depinning
fields in the same sample. However, some of the relatec
problems have not been solved experimentally. It is not clear (¢)
why only two DWs out of four appear in each sample. The
origin of the different depinning fields for the different DWs
is also to be clarified. It is demonstrated in this section that
such differences in magnetization processes can be explaine
by the difference of magnetization configuration inside the
nanocontact.

The magnetization configuration inside the nanocontact
was not determinable from the MFM observations. The mi-FIG. 4. (Color) The stable states of the DW at zero field on the basis of
Cromagnetics Simulation provides information on the Stab|éandau—Lifshiz—GiIberI(LLG) equations Starting from different initial mag-

A - - . etization configurationgshown on the right Images(a), (b), and(c) are
states of the magnetization configuration of the DW plrme(fhe enlargements around the contact. The wire width of the wire on the right

at the nanocontact. Two types of stable st@fegs. 4a) and  side of the imagéc) was narrowe(75 nm than in the imagesa) and (b)
4(b)] were obtained at zero field. These states were given b§125 nm. The arrows and colors represent the direction of the magnetiza-

the calculation starting from different initial magnetization tion in thex-y plane. The size of the nanocontact is>205 nnf.
states as schematically illustrated on the right side of Fig. 4.
Figure 5 shows th& component and thg component of the of C is the nanocontact, and the arealNbis the edge of the
magnetization in Fig. @) along the central line of the wire. narrower wire. The magnetizations WfandN tend to orient
The z component of all the meshes is nearly zero, whichperpendicular to the wire axis in order to decrease the de-
implies that the magnetization rotates in the film plane. In thenmagnetization energy. However, the rotation angles of the
nanocontact area, thecomponent is positive and thlecom-  magnetization atVv andN differ, depending on the magneti-
ponent linearly decreases with changing the sigkel. The  zation direction aC. If the magnetization a€ points to the
profile is similar to a Néel wall with the magnetization rotat- +x direction[Fig. 4(a)], the rotation of the magnetization at
ing from the 4 direction to -y direction through the x W perpendicular to the wire axis is suppressed because of the
direction. The angle of rotation, which is estimated from theexchange interaction betwe&d and C. The magnetization
magnetization profiles for they component in Fig. &) rotation ofN perpendicular to the wire axis is assisted by the
around the nanocontact, corresponds to that of a 180° DW a#xchange interaction betweé€handN because the magneti-
34 nm thickness. The scale of the magnetization rotation igations aiC andN face with each other. On the other hand, if
as small as the size of the nanocontact. In this manner, thhe magnetization at points to the x direction[Fig. 4(b)],
magnetic structure inside the nanocontact is characterized lille magnetization rotation o is assisted and that & is
the direction of the rotation of magnetization along the suppressed.
axis. The magnetization rotation of the wire edge next to the
In order to easily understand the character of the simunanocontact also depends on the width of the wire. Figure
lated DW structures, we focus on the magnetization direc4(c) shows the magnetization configuration of DW for the
tions of three parts, namelyy, C, andN shown at the top of sample with a narrower wire, which has a width of 75 nm.
Fig. 4. The area ofV is the edge of the wider wire, the area The magnetization dtl does not rotate to the perpendicular

75 nm
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1.0 I I I FIG. 6. (Col(_)r) Magnetization reversgl process of the narrower Wire_ with
200 2100 0 100 20 the DW confined to the nanocontact in Figagat 170 Oe. The perpendicu-
lar component of the magnetization to the wire axis at the edge rotates to the
wire axis with the application of a field and penetrates into the narrower
X (nm) wire at the depinning field. The penetration process depends on the direction
of the magnetization inside the nanocontact. In the case of this figure, the
FIG. 5. Magnetization profiles of Fig(d) along the center line of the wire. magnetization of the nanocontact assists the magnetization rotation at the
The DW is confined to the nanocontact. The thin vertical solid lines repre-edge toward the perpendicular direction to the wire axis since the magneti-
sent the edges of the nanocontact. The thick solid line represents the lineaation of the nanocontact points to the magnetic field.
line fitting for the y component of the magnetization from -6.25 to
+6.25 nm.

sample shows a value between the values of the two depin-

L . . ) ning fields of the DWs in the connected sample because of
direction since the shape anisotropy becomes larger with thﬁ"ne lack of the exchange biasing

decrease in wire width. This configuration is considered to On the basis of these calculations, the two kinds of DWs
correspond to the 90A DW in Fig. 2 . i . . with different depinning fields in one sample observed by

. It should be noted that the. deplnnlng fields in the SiMU-\1EM and MR have been considered to be characterized by
lation of these DWs are considerably different. The depinyg gifference in the magnetization direction in the nanocon-
ning fields of the DWs in Figs.(&) and 4b) were calculated 51 The magnetic structures and depinning fields of DWs
to be +170 and +240 Oe, respectively. This difference origiypserved by MFM are explained in the following manner.
nates from thex component direction of the magnetization in \wpen the DW propagation from the pad stops before the
the nanocontact are@. Figure 6 shows the depinning pro- nanocontacfFig. 7(a)] with the magnetization & andN in
cess of the DW shown in Fig.(&), at 170 Oe. The DW  the parallel direction, the magnetization\itrotates perpen-
penetrates into the edge of the narrower Wirith the mag-  gicular to the wire axis and the magnetizatirremains in
netization rotating perpendicularly to the wire axis at thethe same direction due to the large shape anisotropy of the
edge. The DW is then injected into the narrower wire. Whemarrower wire and the exchange interaction betw&eand
the x component of the magnetization in the narrower wireN. As a result, the 90A DW is realized in the remanent
and the nanocontact are antiparallel at the initial stage, thghagnetization state. When the magnetization of the nanocon-
magnetization of the edge is forced to be in a direction pertact is reversed after the magnetization reversal of the wider
pendicular to the wire axis by the magnetization of the nanowire [Fig. 7(b)], the magnetization a rotates toward the
contact. As a result, the depinning field decreases. When thgerpendicular direction to the wire axis and the magnetiza-
x component of magnetization of the narrower wire and thetjon atW rotates to the same direction Nf(0° DW), rotates
nanocontact are parallel, the magnetization of the nanocone the opposite direction at (180° DW), or retains the di-
tact forces the direction of magnetization of the narrowerrection(90° B DW). These differences are expected to arise
edge to be toward the wire axis. As a result, the depinningrom a small deviation of the angle of magnetic field or a
field increases. In other words, the DW confined to the nanosmall difference of the shape anisotropy, which originates
contact biases the switching field of the narrower wirefrom the sample structures. In any case, the depinning field
through the exchange interaction. It should be noted that thef the DW depends only on the direction of magnetization in
switching field of the narrower wire for the disconnectedthe nanocontact.
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WCN types of DWs with different magnetization directions of the
nanocontact are obtained when the injected DW stops before
(a) — B EE — —>/«« — the nanocontact or stops after the nanocontact. The magnetic
structures of the DW and the different depinning fields of the
DW can be explained by the “exchange biasing” effect be-
tween the nanocontact and the narrower wire. In this way, we
_A\_/i showed that the magnetization in the nanocontact dominates
the magnetization process of connected magnetic elements.
(b) — e — —cmpm N —
s
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