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Stable two- and three-dimensional geometrically constrained magnetic structures:
The action of magnetic fields

V. A. Molyneux, V. V. Osipov, and E. V. Ponizovskaya
Laboratorio de Fı´sica de Sistemas Pequen˜os y Nanotecnologı´a, CSIC, Calle Serrano 144, 28006 Madrid, Spain

~Received 17 December 2001; published 2 May 2002!

We show that equilibrium geometrically constrained domain patterns are two- or three-dimensional magnetic
configurations localized around sharp constrictions. Their typical sizew depends on both the lengthd and cross
sizea of the constriction. Whend,L0 the valuew.min@(2a1d),L0#, whereL0 is the conventional wall width.
The localized structures undergo small deformation under magnetic fields and at a threshold field they detach
from the constriction and magnetization reversal occurs.
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I. INTRODUCTION

Domain structures determine many properties of r
magnetic materials and so there is a great deal of litera
devoted to this problem.1–3 Of particular interest are the do
main structures in thin ferromagnetic films,4–6 which have
been intensively investigated during the last decade, pri
rily because of their giant magnetoresistance.7 Recent inves-
tigations have revealed that magnetoresistance variation
ballistic Ni nanocontacts of diameter 10–100 nm can exc
700% at room temperature.8,9 Thus one of the core problem
of nanomagnetism and spintronic technology is to und
stand the properties of magnetic domain patterns in na
scopic objects and the action of magnetic fields on them

Estimations show8,10 that large ballistic magnetoresistan
of the Ni nanocontacts can occur when the width of a m
netic domain wallw inside the nanocontacts is less than
nm, i.e., whenw!L0, whereL0 is the width of conventiona
domain wall in the bulk. In Ref. 11 it was reported that t
width of the geometrically constrained wall near a sharp c
striction, nanocontact, is essentially given by its length a
can be much less thanL0. Recently, the localized magnet
configurations were experimentally investigated in thin
films with sharp constrictions.12

In this paper we study in more detail magnetic dom
structures near a constriction and show that the geometric
constrained one-dimensional~1D! wall studied in Ref. 11 is a
nonequilibrium unstable state. The equilibrium patterns
2D or 3D magnetic configurations localized in the vicinity
the sharp constrictions and their typical widthw depends on
both the lengthd and cross sizea of the constriction. We also
study the dynamics of the formation of the 2D magne
patterns and the action of a magnetic field on them. O
attention is focused on a thin-film system with a sharp c
striction depicted in Fig. 1~a!.

II. MAGNETIC STRUCTURES NEAR SHORT CONTACTS

We consider idealized magnetic systems with a sharp c
striction in which the easy axis lies along axisy and the
magnetizationM changes as shown in Fig. 1. Let us first,
well as in Ref. 11, neglect the demagnetizing field~corre-
sponding conditions and effect of the demagnetizing fie
are discussed below! and write the energy of magnetic do
main structures as1–3
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W5E dV$A~“u!21K sin2u2MH %, ~1!

where u is the angle between axisy and M ; A and K are
coefficients of exchange interaction and anisotropy;H is the
external magnetic field,MH 5MsH cosu whenH is parallel
to the axisy. Notice that we consider the gradients in a
possible directions to minimize the magnetic energyW, i.e.,
x andy for Figs. 1~a! and 1~d!; x andz for Fig. 1~b!; andx,y,
andz for Fig. 1~c!. From Eq.~1! it follows the Euler equation
for the stationary magnetic structures

L2¹2u21/2 sin 2u2h sinu50. ~2!

HereL5AA/K, L052L is the typical width of the Ne´el or
Bloch domain wall;1–3 h5HMs/2K, where the homogenou
magnetization reversal occurs ath.1. We are interested in a
solution localized near the constriction and satisfying in e
tensive systems,l 1@L in Fig. 1, the following boundary
conditions: u→0 at y,z→6` and x→` and u→p at
y,z→6` andx→2` .

Let us first analyze the magnetic structures near cons
tions when their lengthd is much less than their cross sizea,
and this condition, as a rule, is fulfilled in the experiment8,9

It would appear natural that typical size of the domain co
figuration near the constrictionw!L whend!a!L. Owing
to w!L the first term of Eq.~2! is much larger than the
others forh,1 and Eq.~2! is reduced to the Laplace equa
tion ¹2u50, which does not include any magnetic para
eters. This problem ford!a is an equivalent, well-known
electrostatic task about distribution of a ‘‘potential’’u(r )
near a very short contact of widtha.13 For d→0 this task
has exact solution for thin-film systems shown in Figs. 1~a!
and 1~b!,

u~x,z!51/2@p1arg~a22x22z212iax!#, ~3!

where z5y for Fig. 1~a! and z5z for Fig. 1~b!, and an
approximate solution for Fig. 1~c! is

u~r !5arctan~a/r ! for x.0,

u~r !5p1arctan~a/r ! for x,0, ~4!

where

r 5~2a!21@A~a21x22r2!214x2r22~a22x22r2!#.
©2002 The American Physical Society25-1
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From Eqs.~3! and~4! it follows that the constrained domai
structures are 2D or 3D magnetic configurations and th
typical sizew is determined atd→0 by the cross size of the
constrictiona; w.a whend!a,L.

In Ref. 11 it was reported that the widthw* and energy
E* of the geometrically constrained 1D wall do not depe
on S0 in extended enough systems presented in Fig. 1 wh
S0 is the cross-section area of the constriction, for exam
for the system@Fig. 1~a!# w* .d andE* .p2AS0/2d. From
Eqs.~1! and~3! or ~4! it follows that the width of the 2D or
3D magnetic structuresw.a.w* and their energyE is less
than the energyE* when d,a. This means that the con

FIG. 1. Schematic representation of magnetic systems wi
constriction. The arrows show the direction of the magnetizationM
in the Néel-wall domain structures;u is the angle between the eas
axis y andM andf is the angle between the projection ofM onto
the plane (x,z) and thez axis, f5p/2 for the stationary structure
under consideration. The values of the cross section of the cons
tion S0 areab, al2 , pa2, andab for Figs. 1~a!–1~d!, respectively.
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strained 1D wall is not an equilibrium state at least whend
!a. Moreover, below we show that the 1D wall is an u
stable state.

III. FORMATION OF STABLE STRUCTURES

The dynamics and stability of the magnetic domain str
tures are described by the Landau-Lifshitz equation in wh
the magnetic structure energy can be written as1–3

W5E dV$A@~“u!21~“f!2sin2u#

1K sin2u2MH 21/2MH d%, ~5!

wheref is the angle between the projection ofM onto the
plane (x,z) and thez axis; f5p/2 for the above considere
stationary structures. Additional terms in Eq.~5! as com-
pared with Eq.~1! take into account that in the process of t
structure formationMzÞ0 can arise inducing the demagn
tizing field Hd5Hz524pMz524pMssinu cosf. Thus,
here MH d524pMz

2524pMs
2sin2u cos2f. This statement

is most evident for the thin-film system shown in Fig. 1~a!.
Using Eq. ~5!, the Landau-Lifshitz-Gilbert equations fo
anglesu andf can be written as1

]u/]t5a21Ff sinu1Fu ,

]f/]t sinu5Ff sinu2a21Fu , ~6!

Fu52¹2u2sin 2u~“f!22sin 2u

22h sinu2hs sin 2u cos2f, ~7!

Ff52 sin2u ¹2f12 sin 2u~“u“f!1hs sin2u sin 2f,
~8!

wherehs52pMs
2/K and the units of length and time areL

and t05(11a2)M /agK, whereg is the gyromagnetic ratio
and a is the Gilbert parameter for viscous damping. W
made sure that our main results depend weakly on the v
of a, within the typical range 0.03,a,1, and the boundary
conditions when the system sizel 1.4L. Therefore, for defi-
niteness we have useda51 andn“M50 on the boundaries
wheren is the normal to the system surface. We note that
constrained magnetic 1D wall structure found in Ref. 11 s
isfies this boundary condition, i.e., is one of the solutions
nonlinear Eq.~2! that also results from Eqs.~6!–~8! for sta-
tionary case andf5p/2. Also notice that from Eqs.~3! and
~4! it follows that“u.0 on the boundaries, whereu50 or p,
at x5 l 1.4L@a. In other words the boundary condition
n“M50 andu50,p are essentially equivalent for the exte
sive systems.

Numerical analysis of Eqs.~6!–~8! is carried out with
integration stepsDt51025– 1024 andDx50.01L – 0.04L on
a net size of 2003200 till 4003400. The steps and system
sizel 1 are chosen depending upon the parametersd anda so
that the system sizel 1@w. Results are presented in Fig
2–7. Shown in these figures are fragments of size 4L34L
for the calculated magnetic domain structures in the ext
sive systems.
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The formation of a constrained magnetic structure in
thin-film system@Fig. 1~a!# is shown in Fig. 2 and arising
stationary magnetic patterns are presented in Fig. 3 for
cased!a. We used as the initial states the structure of
constrained 1D wall@Fig. 2~a!# found in Ref. 11 and the
Néel-wall structure; coshu/25exp(x/L) @Fig. 2~d!#. One can
see that the constrained 1D wall is an unstable state, it
tends beyond the region of the constriction@Fig. 2~b!# and a
stable 2D configuration is formed around it@Fig. 2~c!#. The
Néel wall is also unstable, it sharply shrinks in the regio
outside the constriction@Fig. 2~e!# and finally transforms into
the same 2D configuration@Fig. 3~c!#. On increasing the cal
culation time the valuef→p/2. The shape of the stationar
2D configuration does not depend on the initial state an
determined by the widtha of the constriction~Fig. 2!. As
would be expected from Eq.~3! the width of the magnetic
configurationsw.a when a,L and w.L when a.L. In
the cased!a the calculation distributionsu(j) coincide ac-
curately enough with theu~j! given by Eq.~3! and weakly
depend on the angle between the axisx and an axisj cross-
ing the constriction center@Fig. 2~f!#. Such type of symmetri-
cal configurations were recently experimentally found
thin-film magnetic systems near sharp constrictions.12

The calculations show that the magnetic configuration
localized increasingly inside the constriction with extens

FIG. 2. The formation of a stable geometrically constrain
magnetic pattern in a thin-film system@Fig. 1~a!# for d50.12L and
a50.2L, ~a! the initial state in the form of the constrained 1D wa
found in Ref. 11;~b! an intermediate state att52t0; ~c! the station-
ary state att.10t0; ~d! the initial state in the form of the conven
tional Néel wall; ~e! an intermediate state att52t0; ~f! curvesc are
the distributions ofu along different axesj shown in Fig. 2~c! and
curveB for the 1D constrained wall. Here and below in Figs. 3
white and black regions correspond tou50 andu5p, respectively.
18442
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of its lengthd ~Fig. 4! and widthw0 whereu changes from
p/4 to 3p/4 atx50 along the axisx normal to the constric-
tion cross can be approximated as

w052L~a1d/2!~L1a1d!21, ~9!

with an accuracy of about 20%. In particular,w053d when
a5d!L, see the curvee in Fig. 3~e! for a5d50.1.

All the above results relate to the thin-film systems with
sharp constriction presented in Figs. 1~a! and 1~b!. We found
that they also describe roughly the properties of the magn
patterns in the system shown in Fig. 1~c!. However, in such
cylindrically symmetrical systems the magnetic configu
tion is more localized than in the thin-film systems. Compa
Figs. 5~a! with 5~b! and curvee with curve f presented in
Fig. 3~g!.

We emphasize thatw for smooth constriction@Fig. 1~d!#
naturally exceedsw for the short constriction@Fig. 1~a!#. For
example, whenS(x)5ab(11x2/d2), the model II in Ref.
11, the magnetic configuration and its widthw for d50.1
and a50.2 @Fig. 5~c!# coincide approximately with those

FIG. 3. Stationary magnetic patterns forming in the thin-fi
system@Fig. 1~a!# in the vicinity of sharp constrictions when the
length is much less than the size of cross section of the constric
(d!a); ~a! a51.6L, ~b! a50.8L, ~c! a50.4L, ~d! a50.2L, and~e!
distributions of u along axisx, curves a–d for Figs. 3~a!–~d!,
curvesN andB for the conventional Ne´el wall and the constrained
1D wall, and the curvese and f for the constrained patterns pre
sented in Figs. 5~a! and 5~b!, respectively.
5-3
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presented in Fig. 4~b! for the system with a sharp constric
tion having substantially larger sizes withd50.4 and a
50.4.

IV. THE ACTION OF EXTERNAL MAGNETIC FIELDS

We have emphasized above that the termh sinu in Eq. ~2!
describing the action of external magnetic fields on the c
strained domain structures is small forh,1 when their
width w!L. Numerical analysis of Eqs.~6!–~8! shows that,
indeed, such strong localized structures are deformed we
at h,1 @Figs. 6~a! and 6~b!# and shift slightly in the region
whereu5p for h.0. We remind that the homogenous ma
netization reversal occurs ath.1. The deformation increase
with d anda ~Fig. 6!. For not very smalld anda there is a
threshold fieldh5hc,1 such that the constrained structu
detaches from the constriction and ath.0 the system trans
forms into a homogeneous state withu50. This process
is presented in Fig. 7. The calculations show that the va
hc.2d/(a1d) for L.d.0.04L ~see also the caption t
Fig. 6!.

V. THE INFLUENCE OF DEMAGNETIZING FIELD

Let us now estimate the magnetostatic energy. It is w
known2,3 that in uniaxial ferromagnetic thin films in whic

FIG. 4. Stationary magnetic patterns in the thin-film system
the vicinity of sharp constriction for different lengthsd at a
50.4L; ~a! d50.04L, ~b! d50.2L, ~c! d50.4L, ~d! d51.2L; ~e!
distributions ofu along axisx, the curvesa–d for Figs. 4~a!–~d!,
respectively, and curveN for the conventional Ne´el wall.
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the easy axisy lies in the film plane@Fig. 1~a!# the Néel-wall
structure is realized and in this case the total magnetic ch
is equal to zero and surface magnetic charges do not a
Therefore, the Ne´el-wall energy is less than that of the Bloc
domain wall. On the other hand, the demagnetizing factor
the Néel structure in the thin films is very small,N.b/(w
1b), when the film thicknessb!w.2,3 Therefore, the energy
of the demagnetizing field is, as a rule, a negligible com
nent of the Ne´el-wall energy in very thin films.2 We empha-
size that this statement is valid to a greater extent for
constrained magnetic structures localized in a region of s
w!L as the density of their exchange interaction energy
much more than those for the Ne´el-wall, i.e., A(“u)2

.A(p/w)2@A(p/L)2. Indeed, substituting Eq.~3! into Eq.
~1! we find that the exchange interaction energyEex
.p2Ab/2. At the same time the magnetostatic energy is
proximately Ems.pMs

2w2bN.pMs
2ab2. Thus the condi-

tion of neglect of the demagnetizing field,Ems,Eex , is valid
when ab,(pl)2 where l5(A/2pMs

2)1/2 is the magnetic
exchange length. For the typical ferromagnetsl.3215 nm,
e.g., for Ni l.5 nm and for permalloyl.14 nm. Thus for
the thin-film system@Fig. 1~a!# with thickness of 5 nmab
,(pl)2 whena,202450 nm. The same estimation is a
proximately correct for the thin-film system shown in Fi
1~d!. For the system presented in Fig. 1~b! the magnetization
M outside the domain structure has onlyM y component and
we can neglect the magnetic charges on the surfacesy50

FIG. 5. Stationary magnetic patterns forming in the vicinity
constrictions in the different systems;~a! in the systems shown in
Figs. 1~a!–~b! with a50.1L and d50.1L, ~b! in the cylindrical
symmetry system shown in Fig. 1~c! with a50.1L and r50.1L,
and ~c! in the thin-film system shown in Fig. 1~d! with d50.1L
and a50.2L. The curvese and f in Fig. 3~e! and curved in
Fig. 4~e! show the distributions ofu along axisx for Figs. 5~a!–~c!,
respectively.
5-4
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andy5 l 2 when l 2@L. Therefore, the total magnetic charg
is also equal to zero and the magnetostatic energyEms

'pMs
2w2l 2.pMs

2a2l 2 whend,a.w,L . In this case the
exchange interaction energyEex.p2Al2/2 and so Ems
,Eex whena,pl.10250 nm. The same estimation is a
proximately correct for the system shown in Fig. 1~c! when
M outside the domain structure also has theM y component
only.

To estimate the effect of the demagnetizing field on
constrained magnetic structures in the thin-film systems
have used theOOMMF package14 and also an iteration
method. From Maxwell equations

“~Hd14pM !50, “3Hd50, ~10!

FIG. 6. Deformation of constrained magnetic patterns in
thin-film system under the action of external magnetic field direc
along the easy axisy. ~a!, ~c!, and~e!—stationary states forh50;
~b!, ~d!, and ~f!—stationary states forhÞ0. ~a! d50.2L and a
50.12L, ~b! d50.2L, a50.12L, and h50.7 ~threshold fieldhc

.1); ~c! d50.12L and a50.2L, ~d! d50.12L, a50.2L, and h
50.5 (hc.0.7); ~e! d50.12L and a50.8L, ~f! d50.12L, a
50.8L, andh50.2 (hc.0.3); ~g! distributions ofu along axisx,
curvesa, b, e, and f showu(x) for Figs. 6~a!, 6~b!, 6~e!, and 6~f!,
respectively.
18442
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it follows that

QDhdj52]/]j~“m!, ~11!

where j5x,y,z; hdj5HdjMs/2K; m5M /Ms5 i sinu sinf
1j cosu1k sinu cosf; and Q5K/2pMs

2 . We substituted
the values ofu(x,y) and f5p/2 calculated above for sta
tionary magnetic structure atHd50 into Eq.~11! and found
hdj(x,y,z). We then used these numerical values forhdj in
the Landau-Lifshitz-Gilbert equations for anglesu and f.
Next we substituted the calculated values ofu(x,y) and
f(x,y) into Eq. ~11! and foundhdj(x,y,z) and then new
values of anglesu andf. In this way we have estimated th
action of the demagnetizing fieldHd . We found that in Co
films for whichQ.0.1– 0.3 this action is relatively weak fo
the sharp constriction shown in Fig. 1~a! whena,0.3L and
d,0.3L. The stationary form of the constrained structur
slightly shrinks and changes significantly only near the c
ner boundaries of the constriction, i.e., it becomes smoot

Thus we showed that neglect of the demagnetizing fiel
valid for the thin-film systems with the magnetic exchan
length l>3 nm at least, but it can limit the correctness
our calculations for the cylindrical symmetry system sho
in Fig. 1~c!. However, we notice that magnetic configuratio
near nanocontact between two cylindrical bars with easy a
along the cylinder axis were studied in a recent paper.15 The
authors of Ref. 15 take into account the demagnetizing fi
and emphasize that the typical scale of the magnetic confi
rations is proportional to the cross size of the nanoconta

VI. CONCLUSION

From our calculations we can stress the following conc
sions:

e
d

FIG. 7. Dynamics of magnetization reversal under the action
a magnetic fieldh50.5 in the thin-film system for constriction with
d50.12L and a50.8L; ~a! the initial stationary state forh50;
~b–d! intermediate states att55t0 , t510t0, andt515t0; the final
state withu50, white color, is formed for timet.20t0.
5-5
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~1! The typical widthw of the equilibrium geometrically
constrained magnetic structures is a function of both the c
striction width a and lengthd. The results of 1D approac
used in Ref. 11 are approximately valid only whena!d.

~2! Whend!a,L the widthw.2a and the distributions
of the magnetization, the angleu, depends weakly on the
angle between the axisx ~Fig. 1! and any arbitrary axisj
crossing the constriction center. Such symmetrical confi
rations were recently found experimentally in thin-film ma
netic systems near sharp constrictions.12

~3! The width w!L only when bothd and a are much
smaller thanL, i.e., w.2a1d. In this case the action of a
external magnetic field on such strong, constrained magn
structures near the sharp constrictions is very weak.

~4! When d,a.L the constrained magnetic structur
determine the process of the magnetization reversal in
tems with the constrictions and value of the coercive fiel

~5! The weak, constrained magnetic structures n
smooth constrictions are very sensitive to the external m
netic field ~see also Ref. 16!.

~6! The experiments with nanocontacts 10250 nm in
diameter9 showing ballistic magnetoresistance~BMR! up to
700% cannot be explained on the basis of the idea of
constrained magnetic wall because in this case the wall w
exceeds 10 nm.

The large BMR observed can be explained by wall sc
tering only when the wall width is smaller than 1 nm.8,10 To
explain such large BMR in 10250 nm Ni nanocontacts we
e

.
.

ev
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have to assume that a very thin dead layer of thickn
;1 nm arises accidentally inside the nanocontact9,17,18 dur-
ing the electrodeposition growing process~see, for example,
Ref. 19!. The nanocontactper secan be such a dead laye
and, most likely, its thickness is of atomic dimension. T
authors of Refs. 8 and 9 observed switching of the nanoc
tact resistance and increase of the magnetoresistance u
nanocontact current pulses and assumed that these e
were due to reconstruction of the magnetization configu
tion in the vicinity of the nanocontact under the action of t
magnetic fields. Such local configurations are closed
mains on the surface of the wires. They can be roughly c
sidered as domain structures in thin films that constrict a
cross at the nanocontact region. We showed in Ref. 17
the domain wall is attracted to the nanocontact by the ac
of the magnetic field induced by nanocontact current puls
The large nanocontact magnetoresistance can be determ
by a shift of the domain wall under the action of extern
magnetic field and the relative rotation of the magnetizat
between the Ni layers separated by the nanocontact d
layer.16
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