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Magnetic localization in transition-metal nanowires
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Magnetization reversal in transition-metal nanowires is investigated. Model calculations explain why mag-
netization reversal is localized, as opposed to the sometimes assumed delocalized coherent-rotation and curling
modes. The localization is a quite general phenomenon caused by morphological inhomogenities and occurring
in both polycrystalline and single-crystalline wires. In the polycrystalline limit, the competition between
interatomic exchange and anisotropy gives rise to a variety of random-anisotropy effects, whereas nearly
single-crystalline wires exhibit a weak localization of the nucleation mode. Model predictions are used to
explain the coercive and magnetic-viscosity behavior of Co~and Ni! nanowires electrodeposited in self-
assembled alumina pores.
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I. INTRODUCTION

Since Ising’s seminal proof that short-range interactio
are unable to create ferromagnetism in spin chains,1 one-
dimensional magnets have attracted much attention.2–9 A
fairly recent research area involves magnetic nanowi
which are of potential interest for sensors and magn
recording.5,7,9 The present work focuses on the microma
netic behavior of Co and Ni wires having radii of less th
10 nm.10 Since extrinsic properties, such as hysteresis
magnetic viscosity, are realized on length scales of the o
of a0 /a'7.52 nm, wherea0 is the Bohr radius anda is
Sommerfeld’s fine structure constant,11,12 thin wires are of
particular scientific interest.

Ideal nanowires can be treated as infinite cylinders, an
is possible to discuss the nucleation of reverse domains,
is, essentially the coercivity, in terms of well-known co
cepts such as coherent rotation and curling. Essentially,
herent or uniform rotation occurs when the wire radius
smaller thanRcoh53.65AA/m0Ms

2, whereA is the exchange
stiffness andMs is the spontaneous magnetization. Sin
Rcoh is independent of the anisotropy constantK1 , it is about
10 nm for typical materials of interest. ForR.Rcoh, the
nucleation is realized by magnetization curling. Note that
coherent-rotation and curling modes aredelocalized, that is,
they extend throughout the wire.12,13

Experimental evidence indicates that magnetization re
sal is initiated by localized modes. First, it is well known th
activation volumes deduced from magnetic viscosity m
surements~Sec. IV! are generally much smaller than the wi
volumes. This indicates that the reversal starts in a sm
region of wires. Second, Wegroweet al.,8 found that their
magnetization data could be fitted to the curling predict
only with the paradoxical assumption that the shape of
inifinite cylinder is like a rugby ball with an aspect ratio o
the order of 2:1.

The delocalized coherent-rotation and curling modes
exact solutions of the nucleation problem in homogene
ellipsoids of revolution.12,13They are delocalized because l
calized modes are more inhomogeneous and, therefore
favorable from the point of view of exchange energy. It
conceivable that thermal activation creates a locali
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nucleus, but examining the energies involved shows that
is a highly unlikely event. In fact, thermal excitations a
observed as magnetic viscosity: they slightly reduce the
verse field at which the zero-temperature nucleation mod
realized. The nanomagnetic localization considered in
work reflects the modification of the zero-temperature nuc
ation mode due to wire imperfections. Since the microm
netic nucleation problem can be mapped onto a Schro¨dinger
equation,14 this micromagnetic localization is akin not onl
to the localization of nucleation modes in bu
magnets,11,12,15 but also to the localization of one-electro
wave functions in disordered solids.16

Well-known methods to produce magnetic nanowires
clude vacuum evaporation, electron-beam lithography,
electrodeposition in porous materials.4–9,17,18 Only recently
has it become possible to produce wires thinner than 20
nm.17 Here we focus on Co~and Ni! wires deposited in alu-
mina and having radii as small as 5.5 nm.18 The wires were
produced by a deposition method very similar to that used
Ref. 17, experimental details are presented in Ref. 18. V
likely, the wires exhibit some length distribution: a rece
scanning electron microscope study on Co nanowires de
ited in alumina19 reports data corresponding to a mea
square deviation of less than 20%. Since our analysis
magnetization data~Sec. IV! covers several orders of mag
nitude, we will ignore this distribution.

Figure 1 shows the geometry of the wire arrays and—
Fig. 1~a!—the preferred perpendicular magnetization dire
tion as inferred from magnetization measurements. The
ercivity, which exceeds 0.2 T~2 kOe! for Co, is associated
with shape anisotropy, but in contrast to previous cohere
rotation explanations5–7 we consider shape anisotropy rea
ized on a local scale. Figure 1~a! gives a schematic idea o
how the magnetization of a localized unit~dark area! re-
verses. The reason for the localization is that wires may
polycrystalline or textured18 rather than single crystalline,8,17

and even in single-crystalline wires there are small magn
zation perturbances associated with wire-thickness fluc
tions, crystalline defects, impurities, and geometrical featu
at the wire ends.

The aim of this study is to show how small inhomogen
ties lead to magnetic localization and affect the hystere
3900 ©2000 The American Physical Society
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behavior. Section II extends the classical random-anisotr
theory of bulk ferromagnets20,21 to polycrystalline wires, in
Sec. III we calculate the localization length for a nearly h
mogeneous thin wire, and Sec. IV is devoted to the und
standing of magnetic viscosity and coercivity data.

II. LOCALIZATION IN POLYCRYSTALLINE WIRES

A morphological feature of fundamental importance
magnetism is the degree ofpolycrystallinity, or texture. Re-
cent TEM images show that the Co and Ni nanowires e
trodeposited in alumina pores are polycrystalline.18,22 Unlike
nearly single-crystalline wires~Sec. III!, polycrystalline
wires can be interpreted as random-anisotropy ferromagn
Random-anisotropy effects in bulk magnets have attrac
much interest in the past20,21,23,24and reflect the competition
between anisotropy and exchange. When the crystallite
R0 is smaller than the wall-width parameterd05AA/K1 then
the exchange interaction ensures a cooperative couplin
neighboring grains, and the behavior of the localization
dius R* is governed by the well-known three-dimension
scaling result20

FIG. 1. Hexagonal array of magnetic nanowires deposited
alumina: ~a! schematic picture and~b! Co TEM micrograph~top
view!. The arrows give the local magnetization direction, wher
the1 and2 signs denote the corresponding magnetic charges.
magnetic field is parallel to the wires.
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R* ;
d0

A

R0
3 . ~1!

Essentially, the radiusR* of the correlated regions is
domain-wall width calculated self-consistently from the r
gion’s average anisotropy.20,21For Fe, Co, and Ni, the length
d0 is equal to 13, 4, and 26 nm, respectively.

The bulk result Eq.~1! applies to wires whose radiusR
.R* .R0 . When the wire radius decreases toR* , then
there is a transition to a quasi-one-dimensional regime. I
then necessary to distinguish between radial localizat
R'

* 5R, and longitudinal localization,Ri* @R. The behavior
of the longitudinal localization lengthRi* @R is one-
dimensional, but a straightforward extension of the calcu
tions in Refs. 21 and 23 shows that the crystallite size is n
renormalized as compared to fictitious one-dimensio
chains of nanocrystallites (R5R0). The quasi-one-
dimensional localization length is

R* ;
R2/3d0

4/3

R0
, ~2!

whereas the localization length for one-dimensional cha
of single crystallites scales as

R* ;
d0

4/3

R0
1/3. ~3!

The behavior of polycrystalline wires is summarized in t
phase diagram Fig. 2.

The scaling relations Eqs.~1!–~3! provide a qualitative
understanding of localization phenomena in polycrystall
wires. The Co nanowires investigated in Ref. 18 are v
likely to lie in region III in Fig. 2, but quantitative predic
tions require the knowledge of the prefactors in the scal
relations, which are of order one. Furthermore, Eqs.~1!–~3!
assume that the wire’s anisotropy can be mapped on
single wall-width parameterd0 . This ignores, for example
that Co wires may be a difficult to describe mixture of f
and hcp crystallites and also neglects the possibility o

n

s
e

FIG. 2. Magnetic phase diagram for polycrystalline wires. T
regions are~I! truly one dimensional and cooperative,~II ! truly
one-dimensional and noncooperative,~III ! quasi-one-dimensiona
cooperative,~IV ! three-dimensional cooperative, and~V! three
-dimensional noncooperative. Equations~1!, ~2!, and ~3! describe
regions~IV !, ~III !, and~I!, respectively.
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nonrandom or coherent anisotropy along the wire axis. T
latter seems to be particularly relevant in Ni wires.22

III. NEARLY HOMOGENEOUS WIRES

From the electron-localization analogy16 it follows that an
arbitrarily weak inhomogenity leads to a localization of t
nucleation mode in one dimension. As an exactly solva
special case we consider the limit of very thin wires whe
the inhomogenity consists in a local reduction of the fi
anisotropy constantK1(z). In other words, due to soft mag
netic impurities or defects, a small part of the wire is sligh
softer than the remaining part of the wire. From general m
netic energy expressions~see, e.g., Ref. 12! it follows that

E5pR2E FAS ]f

]z
D 2

1S K1~z!1
m0

2
Ms

21
m0

2
MsH Df2Gdz.

~4!

Heref(z) is the angle between the wire axis~z axis! and the
local magnetization andH5Hz andMs are the external mag
netic field and the spontaneous magnetization, respectiv
In the standard way, the nucleation modefN(z) is obtained
by minimizing Eq.~4! and solving the resulting eigenvalu
problem. Figure 3 shows the nucleation mode for a sm
d-like inhomogenity. The mode decays as exp(2z/Ri* ), and
the localization or decay length is given by

Ri* 5
2A

~K12K8!L8
. ~5!

HereK1 andK8,K1 are the average anisotropy constants
the perturbed and unperturbed regions, respectively, anL8
is the extension of the perturbation. For example, consid
ing ten atomic layers of hcp cobalt (L8'2 nm) whose an-
isotropy is reduced by about 20% due to impurities yields
localization lengthRi* '100 nm.

FIG. 3. Nucleation mode localization in a nearly singl
crystalline wire. The length of the perturbed wire region~dashed
area! is L8. After nucleation, the magnetization reversal procee
by the propagation of two domain walls.
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The result Eq.~5! confirms our starting conjecture tha
any arbitrarily small disorder gives rise to localization a
shows that the actual degree of localization~the localization
length! is strongly dependent on the wire’s microstructu
For zero disorder, the localization length goes to infinity a
the reversal degenerates into coherent rotation. It can als
shown that the localization Eq.~5! is accompanied by a re
duction of the coercivity. This feature is indeed observed
real wires7,18 and bulk magnets.12,15 It is closely related to
Brown’s paradox,12,13 which states, somewhat simplifying
that experimental coercivities are smaller than the anisotr
field predictionHc52K1 /m0Ms .

IV. MAGNETIC VISCOSITY AND COERCIVITY

Let us now use a simple model to discuss how magn
localization affects the hysteretic behavior of the wires.
well-known experimental method to investigate the re
space origin of hysteresis are magnetic viscosity meas
ments, where thermally activated changes in the hyster
loop are rationalized in terms of a thermal activation volum
V* . In a standard way, the usually logarithmic4,12,25–27time
dependence of extrinsic magnetic properties such as re
nence and coercivity is compared with model predictio
based on a linear field dependence of the bar
energy,12,27,28

E5KV* S 12
H

H0
D . ~6!

Magnetization reversal in real magnets is usually associa
with nonlinear dependences ofE on H. A widely consid-
ered class of nonlinear energy barriers is

E5KV0S 12
H

H0
D m

. ~7!

In Eqs. ~6! and ~7!, K, V0 , andH0 are anisotropy, volume
and field parameters, respectively, whose detailed defini
depends on the underlying model. The exponentm varies
between 1.5 to 2 for a variety of pinning and nucleati
models.25–27 Equation~7! corresponds to rectangular hyste
esis loops, but due to thermal activation the finit
temperature coercivity isHc,H0 .29

Let us make the model assumption that magnetization
versal is initiated by the locally coherent rotation of a loc
ized cooperative Stoner-Wohlfarth unit (m52) in a com-
bined magnetostatic18 and exchange mean field, as implied
Fig. 1~a!. The thermal activation volume is then given b
~compare Ref. 27!.

V* 52AV0AkBT ln~G0t !/K. ~8!

Due to the nonlinearity of the model,m52 in Eq. ~7!, V*
must be distinguished very clearly from the physical volum
V0 . The corresponding finite-temperature coercivity isHc

5H0(12AkBT ln(G0t)/V0K).12,23,25 Since the factor
kBT ln(G0t) is of the order of 25kBT for laboratory scale ex-
periments, the two equations forV* andHc provide a basis
for the discussion of experimental data.

Figure 4 compares theV* andHc predictions with experi-
mental data; the fitting parameters areV0 andK. SinceV* is
proportional to AV0 and V0'pR2L, Eq. ~8! predicts a
square-root dependence ofV* on the wire lengthL. Figure

s



a
c-
th

c

ort
l-
-

t is
g

nd
e
o-

r-
vis-
ent
data

of
r

sot-
m

no-
he-
pon-
for
e
of

ly-
m-
the
ex-
that
ho-

s-
SF

os
io

ca
ti

PRB 62 3903MAGNETIC LOCALIZATION IN TRANSITION-META L . . .
4~a! shows that the square-root dependence~dashed lines!
works fairly well for short wires but breaks down above
critical length. This confirms the theoretical predi
tions: when the wire length exceeds a critical value of
order ofRi* then the physical volumeV0 ~and the activation
volumeV* ! remain largely unchanged. Figure 4~b! compares
the coercivity prediction with the experimental dependen

FIG. 4. Wire-length dependence of hysteretic properties:~a!
thermal activation volume of Co and Ni nanowires and~b! coerciv-
ity of Co nanowires. The experimental data refer to wires wh
lengths have been modified by changing the deposition condit
~time and voltage!. The wire radii are 5.5 and 10 nm for Co~Ref.
17! and Ni ~Ref. 20!, respectively. The dashed lines are theoreti
predictions based on the assumption that the physical activa
volume is proportional to the wire length.
e

e

of the coercivity of Co on the wire lengthL. For sufficiently
large physical switching volumes, that is, for not-too-sh
wires, the Stoner-Wohlfarth prediction is only weakly vo
ume dependent (Hc'H0), so that the numerical disagree
ment between Stoner-Wohlfarth theory and experimen
small. The slight deterioration of the coercivity of very lon
wires is reminiscent of the finite-size behavior of bulk a
thin-film magnets, and means12 that large magnets are mor
likely to contain pronounced inhomogenities harmful to c
ercivity.

As compared to the scaling approach~Fig. 2! and to the
exact model result Eq.~5!, Fig. 4 provides a qualitatively
correct explanation of the complicated interplay of wire mo
phology, real-space magnetization behavior, magnetic
cosity, and coercivity. However, the quantitative agreem
is less comprehensive. In the case of Co, where most
points are available, the not unreasonable valueK
50.425 MJ/m3 provides a simultaneous fitting of Figs. 4~a!
and 4~b! only if one choosesV051.54 R2L rather thanV0
5pR2L. Taking into account the transparent simplicity
the model Eq.~7!, this inaccuracy is neither surprising no
weighty. One factor is that the magnetostatic shape ani
ropy contribution to the anisotropy, which originates fro
the poles shown in Fig. 1~a!, is parametrized in terms ofK
rather than calculated.

V. CONCLUSIONS

By examining various systems we have shown that na
magnetic localization in real nanowires is a common p
nomenon, caused by structural features and largely res
sible for the observed hysteretic behavior. This explains,
example, the puzzling rugby-ball-like behavior of th
nanowires investigated in Ref. 8 and the smallness
magnetic-viscosity activation volumes in long wires. Po
crystalline wires are discussed in terms of a rando
anisotropy hierarchy, and scaling relations are derived for
different regimes. For a nearly ideal model nanowire an
act localization expression has been obtained, showing
the localization length increases with decreasing wire in
mogenity.
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