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Several recent exper iment s on micro - (or nano- ) str ucture d samples of

ferroma gnetic materials are intro duced . Magneti zatio n reversal phenomena
are investigated on submicron w ire samples of trila yer structure using the
giant magnetoresistance e˜ect. Domain w all mo vements are sensitively mon-
itored by resistivity measurements and the velo city of propagation is deter-

mined. T he contribution of domain w all to the resistivi ty is argued from the
results on arti Ùcial ly designed samples of a spring {mag net system. In circu-
lar dots of p ermalloy , the existence of vortex magnetizati on is conÙrmed and

the reversal of the vortex core magnetization is studied from magnetic force
microscopy measurements.

PACS numb ers: 75.50.T t, 75.75.+ a

1. I n t rod uct io n

It is exp ected tha t m agneti c properti es are contro lled by structura l engi-
neering on nanoscale and novel m agneti c phenom ena m ay be exhi bi ted in nano-
structured systems. Mi cro - (or nano-) fabri cati on techni ques have been uti l ized
routi nely in the Ùeld of semiconducto r physi cs to prepa re m esoscopi c system s. For
m etal l ic and m agneti c system s also, the use of nanofabri cati on techni ques has be-
come popul ar recentl y. The autho r ' s group is using an electron-beam l i tho graphy
equipm ent to prepare subm icron wi res and dots of ferrom agneti c m ateri als. In
the present arti cle, several experim ental studi es relati ng to m agneti zati on reversa l
phenom ena and dom ain wal l behavi ors in nanomagneti c system s are described.

Ma gneti zati on reversa l phenom ena in nanoscale magneti c systems have re-
newed interests f rom basic and also techni cal vi ewpoints. For instance, the possibi l-
i ty of m acroscopic quantum tunnel ing (M QT) pro cess was predi cted theo reti cal ly

(147)



148 T . Shi njo

i f the size of the m agneti c system is extrem ely smal l [1]. Pioneering studi es on
MQT in m esoscopi c system s have been reported by several groups [2]. In an ul -
tra thi n wi re of f erromagneti c m ateri al , the di recti on of m agneti zati on is l imi ted
so tha t i t is paral lel to the wi re axi s because of the shape anisotro py. If there is
onl y one dom ain wal l , the m agneti zati on reversal is regarded as pro pagati on of
the domain wal l . In case tha t the cross-section of the wi re is very small , the do-
m ain wa ll size also shoul d be a mesoscopic scale and the domain wal l is expected
to behave as a quasiparti cle. It is of great interest to observe the properti es of
dom ain wa ll in a very narro w wi re. The autho r' s group has prepared sing le wi re
system s consisti ng of two m agneti c layers wi th di ˜erent coercivi ti es and succeeded
in observi ng domain wal l m ovements uti l izing the giant magnetoresistance (GMR )
e˜ect, as described in the next section.

In the region of dom ain wal l , spin di recti ons of each atom vary gradual ly
and a non-col l inear spin structure is form ed. The disordered spin structure may
inÛuence the conducti vi ty . Ho wever, the contri buti on of a dom ain wal l to the
resisti vi ty is norm al ly very smal l compared wi th anisotro pic m agneto resistance
(AMR ) and sti l l is an open questi on. Very recentl y i t has been suggested tha t the
m agneto resistance in point- conta ct systems m ay be extrem ely large even at room
tem perature [3, 4]. In the thi rd section, experim ents to estimate the resistivi ty of
dom ain wal l in a sam ple of spri ng{ magnet system are intro duced.

In the last place, recent resul ts in circul ar perm al loy dots are presented. By
usi ng magneti c force microscopy (MFM), it is conÙrmed tha t the m agneti zati on in
a dot is form ing a vortex structure and a turned- o˜ m agneti zati on spot exi sts at
the core of the vortex. Behavi ors of turned- o˜ m agneti zati on spots under externa l
Ùelds are studi ed by com pari ng MFM resul ts and magneti zati on m easurements by
SQUI D magneto meter.

2 . M agnet izat i on r ever sal in sub m i cr on wi r e

Ma gneti zati on in a sing le wi re sam ple wi th subm icro n wi dth is to o smal l to
m easure by norm al exp erimenta l techni ques and theref ore i t is not easy to study
m agneti zati on reversal phenom ena in nanoscale system s. A possibi l ity to detect
m agneti zati on reversal in a nanoscale wi re is resisti vi ty mesurements uti l izing the
GMR e˜ect [5]. Sampl es for resistivi ty m easurements havi ng a pattern shown in
Fi g. 1a were prepared by electron-beam l i tho graphy wi th l if t- o˜ m etho d. The con-
tent is the fol lowi ng tri layer structure, Ni Fe(2 nm )/ Cu(2 nm )/ Co(2 nm ), and the
wi re wi dth is 150 nm . The distance between the leads for resistivi ty m easurem ents
is 2 0 ñ m. The resistivi ty as a functi on of the appl ied Ùeld at 300 K is shown in
Fi g. 1b. The pad, wi th a large area, 0 : 5 È 0 : 5 ñ m, is atta ched at one end of the wi re
to specify the nucl eati on site of magneti zati on reversal . Pri or to the measurement,
a m agneti c Ùeld of 100 Oe was appl ied in order to al ign al l m agneti zati on para l-
lel. Then the resistivi ty was m easured wi th sweeping the externa l Ùeld. Since the
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Fig. 1. (a) Schematic illus tratio n of w ire sample with the comp ositi on of

N iF e(2 nm) /C u(2 nm)/C o(4 nm) w ith a pad at one end. (b) Resistance as a func-

tion of external magnetic Ùeld. (c) A ngular dep endence of the sw itching Ùeld for the C o

layer at 300 K . T he angle ˚ denotes the external Ùeld direction relative to the w ire axis.

coercive Ùeld for the Ni Fe layer is smaller tha n tha t for the Co layer, the reversa l
of Ni Fe magneti zati on occurs Ùrst and eventua l ly two m agneti zati ons are al igned
anti para l lel. Accordi ngly, the resisti vi ty shows a sudden increase due to the GMR
e˜ect. If the Ùeld reaches to the coerci ve Ùeld of the Co layer, m agneti zati ons of the
two layers again becom e para l lel and the resistivi ty has com e back to the ground
value.

It is to be noted tha t abrupt changes of resistivi ty are observed only at the
m oments of magneti zati on reversa l . Thi s result suggests tha t the m agneti zati on
reversa l takes place wi th a single domain wal l propagati on and the vel ocit y is very
fast. A prel im inary estim ati on of the vel ocit y of the dom ain wal l propagati on was
carri ed out and the vel ocit y was actual ly deri ved to be in the order of 100 m / s [6].
The reversa l pro cess is consi dered as fol lows. The nucl eati on starts at the pad area
but the domain wal l is tra pped at the connecti ng part between the pad and wi re
( \ m outh " in Fi g. 1a). The swi tchi ng Ùeld of the m agneti c layer corresp onds to the
cri ti cal value for the tra pped domain wal l at the m outh. If externa l Ùeld atta ins the
cri ti cal value, the dom ain wal l starts to pro pagate. Thi s m odel is veri Ùed by the
m easurement wi th changing the di recti on of externa l Ùelds relati ve to the wi re axi s
(Fi g. 1c). W i th increase in the angle ˚ , the cri ti cal Ùeld H sw increasesbut H sw cos ˚

i s found to be constant. The domain wal l pro pagati on m eans tha t the m agneti c
Ùeld, in the wi re di recti on, reaches a certa in value, whi ch is a potenti al barri er
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for a dom ain wa ll tra pped at the m outh. The measurements on the tem perature
dependence of the swi tchi ng Ùeld are in pro gress [7].

3 . R esist ivit y of dom ain wal l

In the precedi ng section, studi es on dom ain wal ls uti l izi ng GMR e˜ect were
described. In these resisti vi ty m easurem ents, the electri c currents are mainly Ûow-
ing in the spacer (non-m agneti c) layers and the contri buti on of domain wa ll i tsel f
to the resistivi ty is negligibl e. In a domain wa ll reg ion of ferrom agnet, spins are
changing the di recti ons gradual ly and a ki nd of non-col linear spin arra ngement is
rea lized. An interesti ng issue is wha t the contri buti on of dom ain wal l to the resis-
ta nce is. There have been several exp eriments to study the domain wal l resistance
in ferrom agneti c wi re sampl es [8]. Ho wever, because the absolute resistance of do-
m ain wal l is very smal l and ani sotro pi c magneto resistance (AMR ) is dominati ng, a
conclusi ve result has not yet been obta ined. Even whether the existence of dom ain
wa lls enhances or reduces the conducti vi ty is sti ll an open questi on. The autho r' s
group has prepa red m odel systems to study the contri buti on of domain wal l to the
conducti vi ty by uti lizi ng an exchange spri ng system , whi ch consists of sof t m ag-
neti c (Ni Fe) and hard m agneti c (Co Sm) layers [9]. In an exchange spri ng system ,
the magneti c m oments in the soft lay er are pi nned by the hard m agneti c layer
at the interf ace. W hen an inverse magneti c Ùeld is appl ied to the satura ted state
along the easy di recti on, the m agneti c m oments in the soft layer rotate and the di -
recti ons are distri buted as i l lustra ted in Fi g. 2a. The m agneti c structure in the soft
layer wi th gradually ro ta ti ng m oments is simi lar to the spin structure in a Bl och
wa ll and theref ore an exchange spri ng bi layer is regarded as a m odel system to in-
vesti gate the resistance of a domain wal l . The m agnetoresistance of a Ni Fe/ CoSm
bi layer, measured in the current- in-plane geometry , is shown in Fi g. 2b. Since the
resisti vi ty of CoSm is m uch larger tha n Ni Fe, the electri c current mostly Ûows
in the Ni Fe layer. Ho wever, Ni Fe layer shows a signiÙcantl y large AMR e˜ect. In
order to remove the inÛuence from the AMR e˜ect, the magneto resistance has
been m easured wi th tw o current di recti ons relati ve to the Ùeld di recti on, and the
obta ined results (Fi g. 2b) are sup erposed to cancel the AMR e˜ect. Then, as a
resul t, the resistivi ty as shown in Fi g. 2c is obta ined, whi ch is supp osed to be the
resistance due to the rota ti ng spi n structure sim i lar to the Bl och wal l. From thi s
resul t, i t is concl uded tha t the contri buti on of non-uni form spin structure at a
dom ain wal l to the resistivi ty is positi ve but fai rl y smal l , lesstha n 0.1%.

Ano ther appro ach to contro l the dom ain wal l form ati on in a wi re has been
carri ed out using a sim i lar system [10]. As shown in Fi g. 3a, a wi re of Ni Fe wi th
atta chi ng Co Sm pads was prepared. The wi re is 20 nm thi ck, 1 ñ m wi dth and
3 0 0 ñ m length. CoSm pads are 40 nm thi ck and 3 0 È 3 0 ñ m area. Af ter satura ti on,
by appl yi ng a moderate Ùeld inv ersely, the m ajor parts of Ni Fe layer change the
m agneti zati on di recti on whi le the covered parts by CoSm pads maintain the ini ti al
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Fig. 2. (a) I llustratio n of a spring{magn et bilayer system. (b) Magnetoresistan ce curves

of N iF e(30 nm)/C oSm(100 nm) with the electric current parallel and p erpendi cul ar to

the magnetic Ùeld. (c) A verage of tw o magnetoresistance curves in (b).

di recti on of m agneti zati on and eventua l ly two dom ain wal ls per each pad are
pro duced arti Ùcial ly (Fi g. 3b). The m agneto resistance of thi s system is negati ve
and interpreted as the AMR e˜ect. From the sam ples wi th di ˜erent num ber of
pads, the resistivi ty as a functi on of domain wal l numb er is estim ated as shown
in Fi g. 3c. The l inear relati on indi cates tha t the dom ain wal ls are arti Ùcial ly well
contro l led. The negati ve m agneto resistance m eans tha t the contri buti on of the
AMR e˜ect is dom inant and other contri buti ons, such as from non-col l inear spin
structures , are to o smal l to argue.

Very recentl y, extrem ely large MR e˜ect has been reported for point conta ct
system s, consisti ng of Ni wi res [3] and Fe3 O 4 crysta l l i tes [4]. The very large MR
rati os in m oderate Ùelds at ro om tem perature are attra cti ve also from techni cal
points of vi ew. It is theoreti cal ly supported tha t a dom ain wal l conÙned in a very
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Fig. 3. (a) Schematic structure of N iF e w ire w ith C oSm pads. (b) I llustration of

non- w all state and 2N-w all state. (c) The negative resistance as a function of domain

w all numb er.

narro w thi ckness, where the neighbori ng spi ns have large angles, can be a source
for a great resistance, and subsequentl y may cause a very large MR e˜ect [11].
Theref ore the MR m easurements on dom ain wal ls conÙned at point conta ct regions
are of great interest. The present experim ents intro duced here however show tha t
the contri buti on of dom ain wal ls to the resisti vi ty is f airl y smal l unl ess the size
of the domain wal l is greatl y reduced. In order to expl ore no vel MR system s, the
prepa rati on techni que for nanoscale wi re system s havi ng point conta cts are to be
inv estigated.

4. V or t ex m ag net izat io n in Ni Fe dot s

It is com m on tha t ferromagneti c materi als form mul ti- domain structure to
reduce the magnetostati c energy. It is also well kno wn tha t in very smal l parti cles
of ferro magneti c m ateri als, single dom ain structures are realized since the dom ain
wa ll form ati on is energeti cal ly not favo rable. On the other hand, in a circul ar dot of
an appro pri ate size, a curl ing m agneti c structure (vo rtex) can exi st. In the vi cini ty
of the dot center in a curl ing m agneti c structure, the angle between adjacent spins
becomes larger i f the spin di recti on is conÙned in-plane. Theref ore at the center
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of vortex structure, the magneti zati on wi l l turn out- of-plane. Such a spot wi th
perpendicul ar m agneti zati on has been observed in circul ar Ni Fe dots by m agneti c
force microscopy (MFM) [12]. Fi gure 4 shows an exam ple of MFM images for
ci rcul ar dots of perm al loy wi th 1 ñ m diam eter. The dots show no other contra st
tha n the centra l spots, whi ch is an evi dence of vo rtex m agneti zati on structure wi th
perpendicul arl y m agneti zed spots at each dot. The two typ es of contra st, whi te
and black, corresp ond to up and down m agneti zati on di recti ons.

Fig. 4. Magnetic force microscopy image of N iF e circular dots with the diameter of

1 ñ m.

The reversa l of perpendicul ar magneti zati on spots in a m agneti zati on vo rtex
is an interesti ng issue. The swi tchi ng Ùeld is estimated by MFM. Since MFM
observati on is una ble in the presence of a large magneti c Ùeld, the swi tchi ng of the
m agneti zati on di recti on is observed after rem ovi ng the externa l Ùeld. The sampl e
used for thi s experim ent is an arra y of 25 circul ar dots of Ni Fe wi th the di ameter
of 400 nm and the thi ckness of 50 nm . By appl yi ng a strong externa l Ùeld, al l
m agneti zati on spots are ori ented in the Ùeld di recti on and accordi ng ly the MFM
im age shows tha t al l dots have the sam e contra st (bl ack) at each center. MFM
im ages were ta ken by varyi ng the externa l Ùeld step by step. The numb er of dots
wi th reversed m agneti zati on spots is shown in Fi g. 5a, as a functi on of appl ied Ùeld.
From thi s curve, the average reversal Ùeld is determ ined to be about 4,000 Oe.
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Fig. 5. (a) N umb er of switched dots among 25 N iF e dots w ith 400 nm diameter by

the applica tion of external Ùelds. T he direction of external Ùeld is along the normal to

the plane ( ˚ = 0
£ ) and 30

£ f rom the normal. (b) Magnetizatio n curves for p ermall oy

dot arrays with 400 nm diameter. ˚ denotes the direction relative to the normal to the

plane.

Ma gneti zati on curve of the dot arra ys is measured by SQUID magneto me-
ter. Fi gure 5b shows tha t the satura ti on Ùeld for perpendicul ar Ùeld is about
10,000 Oe. The magneti zati on is gradual ly increasing from 0 to the satura ti on
Ùeld, and no anom aly due to the reversal of perpendicul ar magneti zati on spot is
observed around 4,000 Oe. It is reasonable, even if the reversa l tra nsiti on occurs
abruptl y, since the relati ve volum e of the core spot is regarded to be very smal l .

If the externa l Ùeld is appl ied to an in-pl ane di recti on, the feature of the
reversa l phenom ena is di ˜erent. MFM measurements show tha t the reversal of the
m agneti zati on spots occurs sharpl y at about 2,000 Oe. Thi s resul t is interpreted
as the di splacement of vortex core caused by the externa l Ùeld. Under an in-plane
Ùeld, the vo rtex core m oves from the center to the ri m of the dot and Ùnal ly
exti ncts. If an externa l Ùeld, H ex i s appl ied at an angle of 3 0 £ to the norm al,
the Ùeld com ponent in the pl ane is H ex sin ˚ . Nam ely, the in-plane Ùeld for the
anni hi lati on of vortex core is 1,000 Oe. The m agneti zati on curve for in-pl ane Ùeld
exhi bi ts a deÙnite hysteresi s, havi ng a jum p j ust before the satura ti on, whi ch
is supp osed to corresp ond to the anni hi lati on of vortex core. By compari ng the
satura ti on Ùeld and the swi tchi ng Ùeld obta ined from MFM m easurement in Fi g. 5,
thi s hyp othesi s is veri Ùed. Thus the pro cess of magneti zati on reversa l for in-plane
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Ùeld is well understo od: the vortex core has m oved out from the dot. On the other
hand, f or perpendicul ar magneti c Ùelds, the behavi or of magneti zati on vortex core
is not clari Ùed yet. Further exp eriments and theo reti cal sim ulati ons are requi red.

5. Su m m ar y

Exp erim ental studi es on the fol lowing subj ects are bri eÛy surveyed and the
useful ness of m icrofabri cati on techni ques for magneti c m ateri als is intro duced.

1) Beha vi ors of a dom ain wal l in a sing le wi re system prepared by m icro -
fabri cati on techni que were studi ed from resisti vi ty m easurements. The velocity of
dom ain wal l pro pagati on is able to be estimated.

2) The contri buti on of domain wal l to the conducti vi ty were studi ed f rom
m easurements on an exchange spri ng bi layer system.

3) The existence of vortex m agneti zati on wi th a perpendi cularl y m agneti zed
spot was conÙrmed by MFM im aging for ci rcul ar Ni Fe dots. Reversal process of
the core magneti zati on for perpendi cular and in-plane Ùelds is argued.
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