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Statistical analysis of the magnetization processes in arrays
of electrodeposited ferromagnetic nanowires
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We present a statistical analysis of the magnetization processes in arrays of 22-mm-long, 40-nm-wide Co
and Ni nanowires, with parallel-to-wire magnetic anisotropy, electrodeposited into porous polycarbonate mem-
branes. This analysis is based on usual magnetization measurements taken with a magnetic field applied
parallel to the average wire direction. It is shown that the magnetization curves may contain, in proportions
which depend on the magnetic history of the arrays prior to the measurement, two contributions corresponding,
respectively, to single-domain wires reversing their magnetization and to wires initially in a multidomain state
which are remagnetized to saturation. Despite the extremely large number of wires involved, these two con-
tributions exhibit clearly discernible substructures. These are related to the different and rather weakly distrib-
uted characteristic fields that describe the reversal and remagnetization processes: the nucleation and propa-
gation fields. Numerical simulations of the magnetization curves are carried out which allow one to deduce the
statistical distributions of these fields. From this modeling of the experimental data, it is shown that two
distinct kinds of defects with very different pinning strength are certainly present in the nanowires. Finally, the
analysis of the magnetization curves also provides accurate information concerning the distribution of wire
orientation in the polycarbonate templates.
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I. INTRODUCTION

Nanomagnets are currently receiving considerable at
tion. This is first due to their undeniable technological int
est: They will soon find applications in high density ma
netic recording media, miniaturized sensors, and spintro
devices. The second reason, more fundamental, is that n
magnets often show unusual properties, compared to bu
thin film magnetic materials, the understanding of which
of primary importance from theoretical and practical vie
points.

Advanced lithographic techniques are usually employ
to make periodic arrays of submicronic magnetic dots, wir
and pillars.1,2 However, these are relatively expensive, tim
consuming, and cumbersome. An alternative approach
producing nanoscaled materials is electrodeposition
templates with nanometer-wide cylindrical pores, such as
odic alumites3 and track-etched polymer membranes.4–7 This
is a low-cost and high yield technique, particularly suitab
for large-area production of nanostructures with very la
aspect ratio, i.e., nanowires.

Ferromagnetic nanowires fabricated in this way have
ready been investigated extensively over the last decad3,7

Some of the fundamental issues tackled were how the m
netization configuration of an extremely long cylindric
magnet is affected when its diameter becomes comparab
key magnetic length scales, such as the domain wall wi
0163-1829/2002/66~18!/184430~14!/$20.00 66 1844
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and how magnetocrystalline anisotropy influences the in
nal domain structure in such elongated objects~see, for ex-
ample, Ref. 8!.

Experimental evidence9–13was also given that the magne
tization reversal in these nanowires does not occur thro
coherent rotation or curling, that is, delocalized rever
modes extending throughout the entire wire, which are ex
solutions of the nucleation problem in ideal homogeneo
ellipsoids of revolution.14,15 This rather occurs through th
creation of a localized reversed nucleus, followed by
propagation, involving pinning or not.10,13 The reason for
this localization effect might be that real wires exhibit stro
deviations from the ideal shape and structure. These de
tions result from various types of disorder, such as diame
fluctuations, crystalline defects, or irregular geometrical f
tures at the wire ends. Although magnetization processes
calized in the vicinity of imperfections are not favorab
from the point of view of exchange energy, since they
volve very inhomogeneous magnetization states, it was
gued that they may become more favorable, as compare
delocalized processes, due to locally reduced anisotr
and/or magnetostatic energies.3,16 However, recent micro-
magnetic simulations also predicted that the magnetiza
reversal occurs by means of nucleation at the ends and
sequent soliton-like propagation of 180° domain walls, eve
in defect free nanowires.17

Most of the valuable information available on the magn
©2002 The American Physical Society30-1
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tization processes in electrodeposited nanowires was
tained from the direct study of individual objects using rath
sophisticated experimental techniques: MicroSQUID
~superconducting quantum interference devices!,9,10

magnetic force microscopy,11,13 and magnetoresistanc
measurements.12,13,18In this paper, we show how a cautiou
analysis of straightforward magnetization measureme
taken on large arrays of such nanowires can, yet in favora
circumstances~that will be clarified in the course of the pa
per!, yield precious statistical information, complementary
those gained from the aforementioned techniques.

The samples studied in this work consist of arrays of m
lions of 40-nm-thick Ni and Co nanowires with parallel-t
wire easy axis of magnetization. Though the single-dom
state is the most commonly one associated with these w
a multidomain structure can be induced after saturation
perpendicular-to-wire magnetic field.8 The ~re!magnetization
curves taken on these nanowire arrays may thus contai
proportions which depend on their magnetic history, con
butions from single-domain wires reversing their magneti
tion and from multidomain wires being remagnetized. It
shown here that, despite the extremely large number of w
involved, the~re!magnetization curves exhibit several clea
discernible substructures. These are related to the ra
weakly distributed characteristic fields describing the rev
sal and remagnetization processes.

The paper is divided as follows. Relevant details on
fabrication and structural properties of the nanowires
given in Sec. II. In Sec. III, we first recall what is know
about the magnetic anisotropy and the possible domain s
tures in the Ni and Co wires studied and we then demonst
the irreversible character of the magnetization processes
cussed in the following sections. In Sec. IV, we describe
experimental procedure and present a quantitative analys
the magnetization curves measured, from which an estim
of the dispersion in the wire orientation is deduced. In S
V, numerical simulations of the magnetization curves
presented, which allow one to explain in detail the origin
the substructures observed in these curves. Finally, we
our conclusions in Sec. VI.

II. FABRICATION, MICROSTRUCTURE,
AND MORPHOLOGY OF THE NANOWIRES

Random arrays of ferromagnetic nanowires were syn
sized by electrodeposition of Co or Ni into the pores
homemade track-etched polycarbonate membranes. In c
parison with most polycarbonate porous templates availa
commercially, the membranes used show narrower size
tribution and improved shape regularity and parallel alig
ment of the pores. A detailed description of the templ
fabrication, which involves irradiation with heavy ions an
chemical etching of amorphous polycarbonate films, may
found in Ref. 19; only relevant information will thus b
given thereafter. A particularly important feature is that t
irradiation was performed under parallel ion beam at norm
incidence with respect to the plane of the polycarbonate fi
so that the dispersion in the direction of the ion tracks, he
in the direction of the pores, is very small~an estimate of this
18443
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dispersion may be obtained from the analysis of magn
measurements; see Sec. IV D!. The etching conditions were
optimized to produce cylindrical pores with average dia
eters of 40 nm.

For the nanowire growth, a thin noble metal film wa
deposited by thermal evaporation on one side of the por
membranes to serve as a cathode. The filling of the pores
then performed by electrodeposition of Co or Ni under p
tentiostatic control using a conventional three-electro
cell.5 More details on the growth conditions are given
Refs. 8 and 20. For the present study, we used 22-mm-thick
polycarbonate membranes with a porosity of 0.5% and
areal density of 108 pores per square centimeter. The avera
spacing between the pores is then of the order of 1mm. The
surface area of porous membrane exposed to the electr
during the growth was in the range of 0.1–0.3 cm2 so that
the arrays of nanowires consist of 10–30 million elemen

A structural characterization of the Co and Ni nanow
arrays was performed using x-ray diffraction~XRD! and
transmission electron microscopy~TEM!. Cobalt nanowires
with diameters in the range of 30 to 40 nm were shown to
made of large crystal grains, several micrometers long,
tending across the full wire cross section.8 These Co grains
have the bulk stable hcp structure and are preferentially
ented so that their crystallographicc axis is parallel to the
wire „@0001# texture; see Fig. 1~a!…. In comparison with Co
nanowires, Ni nanowires are made of smaller crystal gra
These possess their normal equilibrium phase, that is fcc
the case of Ni, XRD spectra reveal the existence of a str
@110# texture@Fig. 1~b!#.

Besides the microstructure, an important parameter
influences the magnetization processes in nanostructure
the morphology. The nanowires studied have relatively re
lar cylindrical shape@Fig. 2~a!#. Yet they exhibit shape ir-
regularities. First, both Ni and Co nanowires show roughn
at their surface. In particular, they contain constrictions, t

FIG. 1. u/2u XRD spectra recorded on arrays of~a! Co and~b!
Ni nanowires with the diffraction vector perpendicular to the pla
of the membrane, i.e., parallel to the average wire directionl
50.178897 nm). Cobalt and nickel possess their normal equ
rium phases, hcp and fcc, respectively, with strongly dominat
textures,@0001# and @110#, respectively. From the position of th
diffraction peaks (2u552.13° for Co and 2u591.90° for Ni!, one
deduces lattice parameters ofcCo50.4072 nm and aNi

50.3520 nm respectively, very close to the bulk values of 0.40
nm and 0.3517 nm. Note also the presence of diffraction pe
associated with the~a! Cu and~b! Au films which served as cath
odes during electrodeposition.
0-2
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is, local reductions of their diameter@Fig. 2~b,c!#. Second,
there exists a spread~from wire to wire! in their mean diam-
eter~averaged along the wire length! which is of the order of
10–20 %, as estimated from scanning electron microsc
images. Finally, the nanowires show irregular features
their extremities@Fig. 2~d–f!#.

III. MAGNETIC ANISOTROPY, DOMAIN STRUCTURES,
AND MAGNETIZATION PROCESSES

As a necessary preliminary to the analysis of the mag
tization measurements taken on the Ni and Co nanowire
rays, which is the topic of the next sections, hereafter
recall some previous results concerning the basic magn
properties of these nanowires, namely their magnetic ani
ropy and possible domain structures.

A. Magnetic anisotropy

The cylindrical nanowires studied have a length to dia
eter ratio ofL/f.550 (L522 mm, f540 nm nominally!.
Their very elongated shape is at the origin of a large sh
anisotropy, closely approaching that of infinitely long cyli
derspMS

2 , which favors an alignment of the magnetizatio
along the wire axis~uniaxial anisotropy!. Due to the intrin-
sically low crystal anisotropy of fcc Ni and the absence
significant magnetoelastic effect, shape~demagnetizing en-
ergy! is the only important source of magnetic anisotropy
Ni nanowires (pMS

257.43105 erg/cm3 with MS

5485 emu/cm3), at room temperature.20

In Co nanowires, crystal anisotropy is of the same or
of magnitude as shape anisotropy (pMS

256.23106 erg/cm3

with MS51400 emu/cm3). It is of uniaxial symmetry and
amounts toK.23106 erg/cm3 at room temperature, as de
duced from magnetic torque measurements.8 Thus crystal an-
isotropy certainly plays a role in Co nanowires. However,
crystal easy axis of magnetization (c axis! being parallel to
the wire~@0001# texture of Co!, this role may be considere

FIG. 2. Bright field TEM images of Co nanowires freed fro
the polycarbonate template.~a! Large scale view.~b! and~c! Close
views of constrictions.~d!–~f! Close views of extremities with dif-
ferent typical shapes:~d! flat, ~e! round, and~f! pointed.
18443
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as limited: Crystal anisotropy helps in maintaining the ma
netization aligned along the wire axis and simply reinforc
shape anisotropy.

B. Domain structures

Because the overall anisotropy is in both cases in favo
a longitudinal orientation of the magnetization, Ni and C
nanowires behave very similarly. In particular, the doma
structures they form are qualitatively identical. After satu
tion in a parallel-to-wire magnetic field@longitudinal rema-
nent state,uH50° (180°)], Ni and Conanowires are in a
single-domain state with longitudinal magnetization. This
first evidenced by the parallel-to-wire hysteresis loop squa
nessMr /MS ~the remanent magnetization to saturation ma
netization ratio! very close to unity measured on assembl
of such wires~Fig. 3!. This is further confirmed by magneti
force microscopy~MFM! images taken on single nanowire
after the dissolution of the polycarbonate template, an
ample of which is shown in Fig. 4~a!. These images consis
only of complementary dark and bright monopolar contra
spanning the wire extremities, which indeed correspond
the pole distributions of opposite polarities located on
end faces of an axially magnetized cylindrical bar magne8

When being brought to the transverse remanent state
applying momentarily a saturating magnetic field perpe
dicular to the wire axis (uH590°), Ni and Co nanowires no
longer stay in a single-domain state. They rather split i
several axially magnetized domains with alternating mag
tization direction.8 These domains, which are forced to me
head-on because of the lateral confinement of the magn
zation, are separated by 180° walls that carry a large amo
of magnetic charges~their probable micromagnetic structur
is shown in Fig. 2 of Ref. 17!. These are revealed by inte
mediate monopolar MFM contrasts of alternating polari
much more intense than the end contrasts@Fig. 4~d!#. Notice
that the strongly reduced total magnetic moment associ
with the multidomain structure of Fig. 4~d! is consistent with
the very low transverse remanent magnetization measure
arrays of wires located in their polycarbonate templates~Fig.
3!.

The formation of such multidomain structures may be e
plained as follows. As the strength of the applied field

FIG. 3. Room temperature hysteresis loops measured on a
of ~a! Ni and ~b! Co nanowires with the magnetic field applie
parallel (i) and perpendicular (') to the average wire direction
~normal to the membrane!. The nanowires have a nominal diamet
of 40 nm.
0-3
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HENRY et al. PHYSICAL REVIEW B 66, 184430 ~2002!
reduced, starting from the transverse saturation, the ma
tization, which is subjected to a strong torque due to
parallel-to-wire magnetic anisotropy, rotates progressiv
toward the wire axis. If the external field is perfectly orient
perpendicular to the wire~or at a very small angle from th
plane normal to the wire! so that the two axial direction
colinear to the wire are equivalent, any two regions of
wire which are sufficiently decoupled from each other
behave independently may have their magnetization vec
rotate in opposite directions~clockwise and counterclock
wise!. If this is the case, these two regions eventually g
rise in zero field to two domains of opposite axial magne
zation, necessarily separated by a 180° wall. Such a split
in domains of opposite axial magnetization is all the mo
likely to occur as the length of the nanowires (L522 mm) is
very much larger than the exchange length (L.3 nm for Co
andL.8 nm for Ni!.

Importantly, it is known from MFM experiments tha
there exists only a very narrow range of field angle@(90
2e)<uH<(901e) with 0<e!90°] for which multido-
main structures form in the way just described. As soon
the angledH between the field and the plane normal to t
wire gets large (udHu.e) that of the two directions colinea
to the wire axis which is parallel to the longitudinal comp
nent of the field is naturally favored. Upon reduction of t
field strength the magnetization then rotates as a whole
ward this favored direction and the resulting remanent s

FIG. 4. @~a! and ~d!# MFM images,@~b! and ~e!# densitometer
traces along the wire axis and@~c! and~f!# schematic magnetization
distributions for a 10-mm-long, 40-nm-wide Co wire fragment afte
the application and removal of~a!–~c! an axial saturating field~lon-
gitudinal remanent state!, and~d!–~f! a transverse saturating field o
1.4 T ~transverse remanent state!. The MFM images were recorde
with a Nanoscope IIITM scanning probe microscope equipped w
a magnetically hard CoCr-coated tip magnetized along its axis,
applying the tapping/liftTM interlace technique developed by Dig
tal Instruments. The weak bright contrast visible all along the w
in ~a! and~d! is due to residual topographical interactions~Ref. 8!.
The inset in~d! is a close view of the adjacent black and wh
contrasts located 1mm below the upper end of the wire fragmen
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is without fail single-domain. Finally, it is noteworthy tha
multidomain structures similar to those described above fo
also after demagnetization with an alternating field of slow
decreasing amplitude applied along the normal to the w
axis ~transverse demagnetization!.

C. Magnetization processes

1. Results from previous works

As a last prerequisite to the understanding of the mag
tization measurements presented in the following sectio
we also summarize next previous results on the magne
tion processes that may occur in the nanowireswhen submit-
ted to a longitudinal external field.13,18 Due to the one-
dimensional-like geometry of the wires these processes
rather simple. First, it was demonstrated that the dom
walls shown in Fig. 4~d!, i.e., domain walls induced afte
transverse saturation, are initially located at pinning sites
varying strength. A particular domain wall may be mov
along the wire by applying a magnetic field larger than t
depinning or propagation field~or wall-motion coercive
field! of the site where it is located. A propagating wall sto
only if it encounters a pinning center the strength of which
larger than the applied field.

The remagnetization to saturation of a wire split into se
eral domains happens in the following way. The two wa
that delimit inner domains with magnetization antiparallel
the external field move toward each other until they meet
the antiparallel domain is annihilated. Antiparallel end d
mains, which are delineated by a wire extremity on one s
and a domain wall on the other side, may be annihilated
two ways:~i! the existing domain wall may move toward th
wire extremity, where it is eventually expelled; or~ii ! a sec-
ond domain wall may be nucleated at the wire extremity,
which case the annihilation occurs when this nucleated w
meets the one existing initially.

During the magnetization reversal of a single-doma
nanowire a similar pinning-propagation process occurs w
domain walls forced through a one-dimensional dispersion
defects, a maximum of two walls~one per extremity! being
nucleated from the wire extremities. In the absence of d
nite information regarding their intimate micromagne
structure, we will assume in what follows that the doma
walls formed after the application of the transverse satura
field and those nucleated while applying a longitudinal fie
are similar, at least as far as their pinning on defects is c
cerned. Micromagnetic simulations17 support this assump
tion.

2. Reversible versus irreversible processes

The magnetization processes just described were infe
from MFM observations and magneto-transport measu
ments carried out on single nanowires.13,18 They are purely
irreversible. To corroborate them and demonstrate that
magnetization processes at stake in our nanowires w
these are submitted to longitudinal fields are effectively fu
irreversible, demagnetizing and magnetizing remane
curves were measured on large arrays of such objects. W

d

e
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a hysteresis loop is generally a consequence of both rev
ible and irreversible processes, remanence is a natural
sequence of irreversible processes only. Remanence cu
are thus useful tools by which to separate the two kinds
processes.21 The dc demagnetizing remanenceMd(H) is ob-
tained by the successive application and removal of a rev
direct field 2H to the remanent state after positive satu
tion, while the magnetizing~isothermal! remanenceMm(H)
is obtained by applying and then removing a positive fieldH
to an unmagnetized state. BothMd(H) and Mm(H) give a
measure of the amount of magnetization that has switc
irreversibly in a given fieldH. The unmagnetized state con
sidered here is an ac demagnetized state created by app
an alternating field of slowly decreasing amplitude eith
perpendicular to the average wire direction~normal to the
plane of the membrane!, in which case both single-domai
and multidomain nanowires occur in the array~see Secs.
III B and IV B!, or parallel to the average wire direction,
which case the nanowire assembly essentially divides
two equally large populations of single-domain objects w
opposite magnetizations.22 Figure 5 illustrates the fact tha
for our nanowire arrays the demagnetizing and magnetiz
remanence curves coincide well with the major hystere
loop M (H) and first magnetization curveMini(H) respec-
tively. This proves thatM (H) and Mini(H) do indeed not
contain large reversible magnetization components.

Still a very small deviation between the magnetizati
curves and the corresponding remanence curves may b
tected ~Fig. 5!, especially at fields larger than 1 kO
@ uMd(H)u,uM (H)u, Mm(H),Mini(H)]. This reveals the
existence of a yet detectable reversible magnetization c
ponent inM (H) and Mini(H). Nevertheless, this deviatio
does not jeopardize our interpretation of the magnetiza
processes in longitudinal fields as it may be safely ascri
to the fact that not all of the nanowires in the array have th
axis perfectly aligned along the normal to the plane of
membrane, which is the direction of the applied field in F
5. When reducing the field to zero for remanence meas
ment, the magnetization in those wires the revolution axis

FIG. 5. Magnetization measurements taken on an array o
nanowires. The external field is applied along the normal to
plane of the membrane, i.e., along the average direction of the
axes. ~a! Major hysteresis loop~solid line! and demagnetization
remanence curve~circles!. ~b! First magnetization curves~lines!
and magnetizing remanence curves~symbols! after demagnetization
with an ac field applied parallel~dashed line, squares! and perpen-
dicular ~solid line, diamonds! to the average wire direction.
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which is not perfectly parallel to the normal to the membra
rotates slightly away from the field direction~toward the
revolution axis!, so as to minimize anisotropy energy, hen
giving rise to a tiny reduction of magnetic signal. Given
very small size, we will neglect this reversible magnetizati
component in the analysis that follows.

IV. MAGNETIZATION MEASUREMENTS:
RESULTS AND ANALYSIS

A. Experimental procedure

The magnetization measurements analyzed in this sec
were carried out at room temperature using a MicroMagTM

Model 2900 alternating gradient force magnetometer fr
Princeton Measurement Corporation. To make easier the
scription of the geometry of these measurements, let us
sume that the polycarbonate membranes were lying in
horizontalxy plane. In these conditions, the average dire
tion of the wire axes was parallel to the verticalẑ axis. All of
the measurements were taken with the external fieldH par-
allel to the upwardly directed normal to the membranen̂↑
@H5(0,0,H) with H>0]. Prior to the measurement, th
wire arrays were submitted to a saturating fieldHsat of 1.4 T
applied at an angleuH from n̂↑ (0<uH<180°). Starting
systematically from zero, the field strength was progressiv
increased~with a moderate sweep rate of 20 Oe/s for the
nanowires and 50 Oe/s for the Co nanowires! until the satu-
ration of the magnetization was reached. For convenience
the magnetization values and curves discussed in the re
this paper will be normalized to the saturation magnetizat
valueMS (m5M /MS).

B. History dependence of the longitudinal magnetization curve

Figure 6 shows sets of first magnetization curves obtai
following the experimental procedure described above
characteristic Ni@Fig. 6~a!# and Co@Fig. 6~b!# nanowire ar-
rays. If one examines closely these curves, one may see
they are made of several contributions the amplitudes
which change when the angleuH of the saturating fieldHsat
is varied. This becomes obvious if instead of looking at t

i
e
re

FIG. 6. First magnetization curves measured on~a! a Ni nano-
wire array and~b! a Co nanowire array with the external fieldH
applied along the normal to the plane of the membrane, after s
ration in a field of varying orientation~see the text for details!.
0-5
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HENRY et al. PHYSICAL REVIEW B 66, 184430 ~2002!
m(H) curves one rather looks at the~reduced! susceptibility
curves defined asx(H)5dm(H)/dH ~Figs. 7 and 8!.

Before proceeding with the analysis of thesex(H) curves,
on which we will focus henceforth, a few words should
said about their physical meaning. We demonstrated in S
III C that, in good approximation, the magnetization curv
measured on nanowires with an external field applied al
the normal to the membrane contain only an irreversi
component @m(H)5md(H)5mirr (H)#. Therefore, x(H)
5dm(H)/dH is equivalent to the~reduced! irreversible sus-
ceptibility x irr (H)5dmirr (H)/dH which, in the case of as
semblies of magnetic particles, is directly related to
switching field distribution.23 In the sequel, thex(H) curves
will thus be regarded implicitly as such.

Let us now come back to the different contributions th
thesex(H) curves contain. We shall first define them a
elucidate their origin. ForuH5180°, the first magnetization
curve is equivalent to the increasing field branch of the ma
hysteresis loop. Thus we know for certain that all of t
nanowires are initially in a single-domain state~see Sec.
III B ! with the magnetization~almost! antiparallel to the ap-
plied field H. Therefore, the first contribution that we ma
identify is the one that shows up at high fields~the only one
present foruH5180°). It can undoubtedly be attributed
the reversal of single-domain wires. In the sequel this c
tribution will be referred to as the single-domain-rever

FIG. 7. Ni nanowire array.~Open circles! Derivative with re-
spect toH of some of the first magnetization curvesm(H) shown in
Fig. 6~a!. ~Solid lines! Fits and decompositions of thesex(H)
5dm(H)/dH curves in terms of SDR and MDR components~see
the text for details!. Note that the lowest curve was magnified by
factor of 2.
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~SDR! component and labeledxSDR(H) (5dmSDR(H)/
dH). In the case of the Ni nanowire array~Fig. 7!, it has a
clear double-peak shape. We will demonstrate in Sec. V
this results from the conjunction of two properties. First, t
magnetization reversal occurs schematically in two conse
tive steps~see Sec. III C!: The nucleation and pinning o
domain walls followed by the propagation and expulsion~or
annihilation! of these walls. Second, the statistical distrib
tions of nucleation fieldsPn(Hn) and propagation fields
Pp(Hp) associated with the Ni nanowire array only weak
overlap. In contrast, the overlapping of the distributio
Pn(Hn) and Pp(Hp) is larger for the Co nanowire array
Hence the SDR component exhibits only one peak, but w
a pronounced shoulder on the low field side~Fig. 8!, remi-
niscent of the fact that the typical~most probable! value of
Hn is smaller than that ofHp @at this stage, it is assumed th
Pn(Hn) andPp(Hp) are unimodal and symmetrical distribu
tions#.

In addition to the SDR component, a second contribut
shows up at smaller fields asuH is diminished. This addi-
tional contribution has also a well-defined double-pe
shape.24 Moreover, as illustrated in Figs. 7 and 8, this b
comes more and more important asuH approaches 90°. Then
it can be safely ascribed to the remagnetization of nanow
initially in a multidomain state, as a the result of the app
cation of a transverse saturating field prior to the measu
ment ~see Sec. III B!. In the sequel, we will term this com

FIG. 8. Co nanowire array.~Open circles! Derivative with re-
spect toH of some of the first magnetization curvesm(H) shown in
Fig. 6~b!. ~Solid lines! Fits and decompositions of thesex(H)
5dm(H)/dH curves in terms of SDR and MDR components~see
the text for details!. Note that the two bottommost curves we
magnified by a factor of 2 and a factor of 10, respectively.
0-6
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ponent multidomain-remagnetization~MDR! and label it
xMDR(H) @5dmMDR(H)/dH#. To account for the fact tha
the remagnetization of multidomain nanowires usually
curs in fields smaller than the reversal of single-dom
wires, one may simply notice that the remagnetization d
not require the nucleation of domain walls from the w
extremities, since walls already exist, whereas the reve
does. However, only numerical simulations as those repo
in section V will give a comprehensive explanation of th
phenomenon as well as of the double-peak structure of
MDR component.

As may be seen in Figs. 7 and 8 the SDR component d
not vanish entirely foruH590°. This is essentially due to th
imperfect parallel alignment of the nanowires. Indeed, if
of the wires in an array were parallel, they would all~or
almost all! split into domains following the application of th
saturating field atuH590°. Hence the vast majority of them
would contribute to the MDR component, a fact disprov
experimentally.

More generally, due to the dispersion in the wire orien
tion, which is very small as we will show, the arrays a
constituted of three categories of nanowires after the ap
cation ofHsat. ~i! Those nanowires for which the angle b
tween their axis andHsat is in the range@902e,901e# ~with
0<e!90°) are in a multidomain~MD! state. Then, they will
contribute to the MDR component of the first magnetizat
and susceptibility curves.~ii ! Those nanowires for which th
angle between their axis andHsat is larger than 901e are in
a single-domain state. That of the two directions colinea
their axis which is naturally favored when removingHsat
being the one pointing downward, their magnetization is~al-
most! antiparallel toH (SD↓ state!. Therefore they will con-
tribute to the SDR component of the first magnetization a
susceptibility curves.~iii ! Finally, those nanowires for which
the angle between their axis andHsat is smaller than 902e
are in a single-domain state too. However, since that of
directions colinear to their axis which is favored when tu
ing off Hsat is the one pointing upward, their magnetization
~almost! parallel toH (SD↑ state!. As a consequence, the
will not give rise to any change of magnetization upon
creasingH, hence will not manifest themselves in thex(H)
curve. They will only contribute to the longitudinal remane
magnetizationm05m(H50) measured immediately afte
the application ofHsat.

C. Decomposition of the longitudinal magnetization curve

From the previous discussion it is clear that the reman
magnetizationm0, the integral of the SDR componen
xSDR(H) overH ~from 0 to infinity!, DmSDR, and that of the
MDR componentxMDR(H), DmMDR , are intimately related
to the initial fractions of nanowires in the SD↑ , SD↓ , and
MD magnetic states. As will be show next~Sec. IV D! the
variation of these quantities as a function ofuH may yield
important information on the dispersion of the wire dire
tions and values for the critical anglee. However, obtaining
the amounts of nanowires in the SD↓ and MD states first
requires one to separate the SDR and MDR component
practice, this was achieved by fitting thex(H) curves with a
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set of four lines. Two of them were introduced to reprodu
the SDR component the shape of which was assumed t
independent ofuH and the amplitude of which only wa
allowed to vary~fixed positions and linewidth, and fixed ra
tio of the amplitudes of the two lines!. The second pair of
lines was used to reproduce the MDR component. For the
nanowire array the lines used for the fit were log-norm
lines, whereas these were Gaussian lines for the Co nano
array. As shown in Figs. 7 and 8, successful fits of thex(H)
curves could be obtained in this way. Since the SDR a
MDR components do not overlap strongly, one may be qu
confident in the accuracy of the decomposition.

In the case of the Co nanowire array~Fig. 8!, the shape of
the MDR component as deduced from the fitting proced
was found almost independent ofuH : The position and
width of two lines necessary to reproduce it could be l
unchanged in the fit, only their relative amplitudes had to
slightly adjusted when varyinguH . It is clear from Fig. 7
that no such invariance of the shape of the MDR compon
occurs for the Ni nanowire array. In particular, it is obvio
that the relative amplitudes of the two peaks the MDR co
ponent is made of change drastically withuH . A tentative
explanation of this phenomenon will be given in Sec. V, af
the origin of the double-peak shape of the MDR compon
be elucidated.

D. Modeling of the history dependence
of the magnetization curve components

The variation of m0 , DmSDR, DmMDR and Dmtot
5DmSDR1DmMDR as a function ofuH is presented in Fig.
9. A simple model was developed to simulate this angu
variation. In this model, only the initial magnetic state a
the final magnetic state of the nanowires are of importan
The details of the magnetization processes which lead f

FIG. 9. Variations of@~a! and~c!# DmSDR ~open squares!, Dmtot

~solid squares!, m0 ~triangles! and @~b! and ~d!# DmMDR with the
angle uH for the arrays of@~a! and ~b!# Co and@~c! and ~d!# Ni
nanowires. The solid lines are the best possible simulations of th
angular variations that could be obtained using the model descr
in Sec. IV D. The parameters used aresu5(3.160.1)° and e
5(2.660.1)° for Ni, su5(3.560.1)° ande5(1.660.1)° for Co.
0-7
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the former to the latter are deliberately ignored: The mo
aims at reproducing only the sizes of the SDR and MD
components of thex(H) curves, i.e.,DmSDR and DmMDR ,
not their shapes. The model obeys the rules described p
ously which determine in what magnetic state a nanow
finds itself after the application of the saturating fieldHsat
~see Sec. IV B!. Moreover, it is based upon the followin
additional assumptions. The arrays containN nanowires and
have a~reduced! saturation magnetization ofN units ~one
unit is equal to 1/N). A nanowire in a multidomain state ha
zero net magnetic moment,25 hence does not contribute to th
remanent magnetizationm0. Its remagnetization gives rive t
an increase of total magnetization of11 unit and the wire
contributes the same amount toDmMDR . A nanowire in the
SD↓ state contributes21 unit to m0. Its reversal generate
an increase of total magnetization of12 units. Then such a
wire contributes12 units toDmSDR. Finally, a nanowire in
the SD↑ state just contributes11 unit to m0. Under these
assumptions, the initial fractions of nanowires in the M
SD↓ , and SD↑ magnetic states are simplyxMD5DmMDR ,
xSD

↓ 5DmSDR/2, andxSD
↑ 5DmSDR/21m0, respectively. Fur-

thermore, the direction of a given nanowire is determined
a polar angleu (0<u<90°) measured, likeuH , from the
upwardly directed normal to the plane of the membranen̂↑
5 ẑ and an azimuthal anglec (0<c,360°) measured from
the x̂ axis. As a last ingredient of the model, the dispersion
the nanowire directions is assumed to be such that~i! the
number of wires the direction of which has an azimuth
angle in the interval@c,c1dc# is independent ofc ~Ref.
26!, and~ii ! the number of nanowires the direction of whic
makes an angle withn̂↑ in the interval@u,u1du# is given by

dN~u!5 f ~u!sinu du,5
N*

suA2p
expF2

u2

2su
2Gsinu du,

~1!

wheresu!90° is the standard deviation of the polar ang
distribution f (u), assumed to be Gaussian, andN* is a nor-
malization factor such that

E
0

360°

dcE
0

90°

f ~u!sinu du5N. ~2!

The best simulations of the variations ofm0 , DmSDR, and
DmMDR as a function ofuH that could possibly be obtaine
under the given assumptions are shown in Fig. 9. The exp
mental data are well reproduced for both Ni and Co na
wire arrays. This suggests that the assumptions that we m
are appropriate. In particular, the one concerning the dis
sion in the wire directions@Eq. ~1!# seems justified.

The dispersion in the wire directions as deduced from
analysis is small sincesu5(3.160.1)° for Ni and su
5(3.560.1)° for Co. It is so small that the relaxation of th
magnetization toward the revolution axis in those nanow
not perfectly aligned along the normal to the plane of
membrane, which occurs as the strength of the external
is reduced from saturation to zero, gives rise to a reductio
magnetic signal of only 0.2%, as further calculated from o
18443
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model. This reduction is indeed barely perceptible expe
mentally, as already mentioned in Sec. III C 2. Moreover,
dispersion in the wire directions is found very similar in th
two arrays. This was expected as the two polycarbonate t
plates supporting these arrays were fabricated in the v
same experimental conditions.

To obtain precise information on the angular distributi
of the nanopores in such templates is a rather difficult ta
To our knowledge, no experimental technique exists wh
allows to achieve this directly, i.e., for templates with emp
pores. Though indirect, magnetic measurements on temp
having their pores filled with ferromagnetic materials are o
of the only ways, if not the only one, to perform such
characterization. In the past, several experimental meth
were developed to determine the distribution of easy axe
magnetization in ferromagnetic fine-particle systems.27–30

However, implementing any of these methods, gener
based on maximum remanence measurements, in the ca
the nanowires studied would have been pointless as a
them are strictly restricted to particles, interacting or n
having only two possible~single-domain! states at rema-
nence, and presenting fairly broad distributions of easy a
two conditions which are not fulfilled in our case. In the
conditions, the method presented in this paper deserves t
noticed for its originality and unprecedented sensitivity.

The critical angles (e) of the Ni and Co arrays are bot
extremely small as they amount to (2.660.1)° and (1.6
60.1)° respectively. This confirms that the saturating fie
must indeed be oriented extremely close to the plane nor
to a wire for a multidomain state to be realized in this w
after Hsat is removed. This also accounts for the relative
strong difficulty we had in observing such multidomain sta
by MFM. However, the two angles are significantly differe
from each other:e is larger in the case of the Ni nanowir
array than in the case of the Co nanowire array. As a co
lary, the fraction of nanowires which split into domains aft
the application ofHsat at uH590° is much larger in the firs
case (xMD50.62 for Ni! than in the second (xMD50.36 for
Co!. This might first be related to the much lower paralle
to-wire magnetic anisotropy of the Ni nanowires, as co
pared to the Co nanowires~see Sec. III A!. Indeed, to a much
lower magnetic anisotropy corresponds a much sma
torque exerted on the magnetization when oriented at a la
angle from the wire axis, which probably facilitates the sp
ting in domains of opposite longitudinal magnetization co
ponent as the saturating field is released. Second, this m
also be due in part to the larger number of magnetic defe
present in the Ni nanowires, as compared to the Co nan
ires~see Secs. II and V!, these defects being preferential sit
for the formation of domain walls asHsat is removed.

V. SIMULATION OF THE LONGITUDINAL
MAGNETIZATION CURVES

In the analysis of the magnetization measurements
precedes several crucial questions have not been answer
only answered partially. In particular, the double-peak sh
of the SDR and MDR components of thex(H) curves has
0-8
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not been accounted for. It is the aim of the present sectio
answer these questions.

For this purpose, we developed Monte Carlo-like numeri-
cal simulations. These are based on the following assu
tions. The reversal of single-domain nanowires and the
magnetization of nanowires initially in a multidomain sta
occur according to the magnetization processes describe
Sec. III C. The arrays containN nanowires (N5106 for the
computation!. With each nanowire one associates two nuc
ation fieldsHn ~one per extremity!, NPS pinning centers ran-
domly located along the wire,NPS propagation fieldsHp
~one per pinning center!, and, in the case of a multidomai
nanowire, an initial number ofNDW domain walls. Each of
these walls is located on a site chosen at random among
NPS defect sites~which impliesNDW<NPS). The walls are
assumed to be infinitely thin so that the amount of magn
zation involved in them can be neglected.31 The nucleation
fields Hn and propagation fieldsHp are assumed to be dis
tributed according either to a Gaussian statistical law of
form

Pn,p~Hn,p!5
1

sn,pA2p
expF2

~Hn,p2Hn,p
0 !2

2sn,p
2 G , ~3!

wheresn,p andHn,p
0 are respectively the standard deviati

and average value of the distribution, or to a log-norm
law32 of the form

Pn,p~Hn,p!5
1

bn,pA2p~Hn,p2dn,p!

3expF2 „ln~Hn,p2dn,p!2an,p…
2

2bn,p
2 G , ~4!

wherean,p anddn,p are respectively a scaling parameter a
an offset field controlling the position of the distribution, an
bn,p is a fluctuation parameter controlling its shape~width!.
The physical origin of the spread in the values ofHn andHp
will be discussed later in this paper~Sec. V D!.

In a first attempt to simulate the magnetization curv
NPS and NDW were assumed to vary from wire to wire a
cording to narrow Gaussian probability laws. However, t
complication proved almost useless as it appeared that
shape of them(H) and x(H) curves is essentially deter
mined by the average numbers of pinning sites and dom
walls. Then, to reduce as much as possible the numbe
adjustable parameters in the simulations we assigned
same number of defects and walls to all the wires in a gi
array.

Unfortunately, the guidelines that may be used for cho
ing the Pn(Hn) and Pp(Hp) probability distributions are
very scarce. As a result, the identification ofPn(Hn) and
Pp(Hp) is necessarily based on a trial-and-error process.
different steps that were necessary to achieve the identi
tion will now be described in details as this description
essential to establish the conclusions that will be reac
eventually.
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A. First step

Let us first focus on thex(H) curve obtained foruH
5180° ~Figs. 7 and 8!, i.e., on the SDR component. As on
starts from a single-domain nanowire assembly in zero fie
no change in magnetization is expected in this case un
first domain wall is nucleated in a nanowire. The small
field wherex(H) takes a value significantly different from
zero then constitutes an estimate of the smallest nuclea
field Hn

min , and hence a lower bound forPn(Hn). The field
at which the saturation is reachedHS is the one required for
the completion of the reversal of the last nanowire not
fully magnetized in the field direction. On the other hand
is known from MFM and transport experiments~see Sec.
III C ! that, in a vast majority of nanowires, walls nucleated
the extremities undergo pinning during the magnetization
versal. In other words, there generally exists pinning cen
~defects! with propagation fields such thatHp.Hn . HS can
then be regarded as an estimate of the largest propag
field Hp

max, hence an upper bound forPp(Hp). These few
considerations were the starting point of our search for
Pn(Hn) andPp(Hp) distributions.

Figure 10 shows the result of the first step of the iden
fication procedure, in the case of the Ni nanowire array. T
experimental data are well reproduced@Fig. 10~b!#. For this
simulation we assumed a number of pinning sites ofNPS

526, a Gaussian distribution of nucleation fields (Hn
0

5168 Oe, sn556 Oe), and a log-normal distribution o
propagation fields (ap55.83, dp50 Oe, bp50.43) @Fig.
10~a!#. The use of a log-normalPp(Hp) distribution, as op-
posed to a Gaussian one, was absolutely necessary in
case to account for the long tail at high fields of the SD
component. It is noteworthy that among the 26 pinning si
introduced here, only two of them~on average! are effective
in trapping walls during the magnetization reversal. Not
also that we deliberately used aPp(Hp) distribution with a
non-negligible probability of having defects with small pin
ning strength~several tens of Oersteds!. This choice was
made since there isa priori no reason for such magneti
defects not to exist in the nanowires. However, simulatio
as good as the one presented in Fig. 10 could also be
tained withPp(Hp) distributions such thatPp(Hp).0 up to

FIG. 10. Result of the first step of the identification procedure
the case of the Ni nanowire array.~a! Distributions of nucleation
fields ~thin line, shaded curve! and propagation fields~thick line!
used to simulate thex(H) curve obtained foruH5180° ~SDR com-
ponent!. ~b! Experimental ~circles! and computed~line! x(H)
curves.
0-9
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HENRY et al. PHYSICAL REVIEW B 66, 184430 ~2002!
rather large values ofHp ~typically Hp,0.6Hn
0). This is a

trivial consequence of the fact that pinning centers withHp
,Hn are not efficient during the reversal of single-doma
nanowires, hence do not affect in any way the SDR cur
The main outcome of step No. 1 is the confirmation that
account for the shape of the SDR component the maxim
of the propagation field distributionPp(Hp) must indeed be
located above the maximum of the nucleation field distrib
tion Pn(Hn) and that the width of these distributions must
such that they do not overlap strongly, so that typicallyHp
.Hn . In these conditions only, a vast majority of nanowir
reverses its magnetization in several~two or more! well de-
fined consecutive steps reflecting in the non-trivial shape
the SDR curve. Another outcome of step No. 1, of practi
relevance, is that for givenPn(Hn) and Pp(Hp) distribu-
tions, the height of the low field peak in the SDR compon
is mostly determined by the number of pinning sites: T
largerNPS the smaller this peak.

B. Second step

Of course, for our model to be self-consistent, a given
of statistical parameters should allow to reproduce both
SDR and MDR components of thex(H) curves. Therefore
we used the statistical parameters determined in the first
~Sec. V A! to compute the corresponding MDR compone
At this point, we restricted our analysis to the MDR cur
obtained foruH590°. Several simulations were made
which the number of domain walls present initially in th
nanowiresNDW was varied from 1 to 25. It may be seen
Fig. 11 that, with increasingNDW , the remagnetization of the
nanowire array occurs in smaller and smaller fields. Mo
over the shape of the MDR component changes continuo
from the double-peak shape of the SDR component (NDW
50) to a single-peak shape~for NDW>10). These two fea-
tures are related to the fact that, asNDW increases, more an
more of the magnetization changes are due to the prop
tion of walls existing initially, rather than to the motion o
walls nucleated at the wire extremities, and among the
tially existing walls those which are the most weakly pinn
play an increasingly important role. It is obvious thou
from Fig. 11 that the double-peak structure of the MDR co

FIG. 11. Experimental MDR component~thick line! and theo-
retical MDR components~thin lines! computed assuming the nucle
ation and propagation field distributions of step No. 1~Fig. 10!, for
different initial numbers of domain wallsNDW .
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ponent is not reproduced in the simulations. It seems
among the two peaks that the experimental MDR curve
hibits only the one located at high fields may be reprodu
under the assumptions made so far~see the curve compute
for NDW525). Interestingly, the same conclusion w
reached in the case of the Co nanowire array~an analysis not
reported here!. Thus it appears clearly, at this stage, that
essential ingredient is missing in our model.

C. Third step

The peak that is absent in the computed MDR compon
is the one at lower fields~Fig. 11!. In the case of the Ni
nanowire array, this peak has its maximum at 46 Oe, tha
well below the typical nucleation fieldHn

05168 Oe, and it
extends up to approximately 200 Oe. It is related to
propagation of walls which are initially weakly or ver
weakly pinned (Hp,Hn typically!. Its surface area is of the
same order of magnitude as that of the high field peak of
MDR component which, according to what precedes, lik
corresponds to the propagation of walls departing from s
such thatHp*Hn ~typically!. Hence the initial proportion of
weakly pinned walls is certainly large. In these conditio
the proportion of defects with small pinning strength must
large too. It is easy to persuade oneself that this high pro
tion of weak defects is in contradiction with the assumpti
of a ~unimodal! propagation field distribution having a sing
maximum located aboveHn

0 , as the one that had to be intro
duced in the first step to account for the double-peak sh
of the SDR component. It occurs that the only way to reso
this inconsistency and reproduce the complex structure
both the SDR and MDR experimental curves is to assu
that Pp(Hp) is a bimodal distribution with two well sepa
rated maxima, one located aboveHn

0 , the other one located
below Hn

0 .
In practice, we built such aPp(Hp) distribution by simply

adding two normalized lines,Pp
W(Hp) and Pp

S(Hp), either
Gaussian@Eq. ~3!# or log-normal@Eq. ~4!#, weighted respec-
tively by the fractions of so-called weak pinning sites,xp

W ,
and strong pinning sitesxp

S512xp
W . Such a decomposition

in terms of weak and strong pinning sites is somewhat a
trary since the two lines that composePp(Hp) overlap nec-
essarily, as we will see in the sequel. However, it will allo
us to extract real numbers from the simulations for the s
of the two kinds, which will be particularly useful when
will come to explaining and justifying physically the exis
tence of two distinct sorts of magnetic defects in the nano
ires ~see end of this section!. Figures 12~a! and 13~a! show
the final result of the identification procedure carried out
the Ni and Co nanowire arrays. As announced just befo
the Pp(Hp) distributions do not consist of two fully sepa
rated lines. However, the overlapping of the lines is su
ciently small so that the low and high field peaks of t
MDR component can still, in first approximation, be attri
uted to the propagation of walls located initially on so-call
weak and strong pinning sites, respectively. As a con
quence, the relative surface areas of the two peaks const
rather accurate measures of the fractions of sites of the
kinds present in the nanowires, hence of the weights of
0-10
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two lines that must be added for buildingPp(Hp). This
property was naturally used to guide the choice of the
rameterxp

W .
It may be seen in Figs. 12 and 13 that sets of statist

parameters could finally be found, which allow one to rep
duce simultaneously all of the experimental data accura
Figures 12~b!, 12~c!, 13~b!, and 13~c! show the best simula
tions of the m(H) and x(H) curves obtained foruH
5180°, that is the most simple case since the data con
only a SDR contribution (xMD5xSD

↑ 50, xSD
↓ 51). Figures

12~d!, 12~e!, 13~d!, and 13~e! show the best simulations o
the experimental data obtained foruH590°. In this case the
magnetization curves contain both a SDR component an
MDR component~see Sec. IV B!. For these simulations th
fraction of nanowires in the MD state the remagnetization
which gives rise to the MDR component,xMD , and the frac-
tion of nanowires in the SD↓ state the reversal of which
manifests itself in the SDR component,xSD

↓ , were set to the
values ofDmMDR andDmSDR/2 at uH590°, as determined
in Sec. IV C.

D. Discussion

Table I is a summary of the parameters used for the si
lations of Figs. 12 and 13. These call immediately for th

FIG. 12. Final result of the identification procedure in the ca
of the Ni nanowire array.~a! Distributions of nucleation fields~thin
line, shaded curve! and propagation fields~thick line!. Experimental
~circles! and theoretical~lines! x(H) @~b! and ~d!# and m(H) @~c!
and ~e!# curves. The experimental data are those obtained for@~b!
and ~c!# uH5180° and@~d! and ~e!# uH590°.
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comments. First, the number of domain walls that had to
introduced to reproduce the MDR curves (NDW535 for Ni
andNDW529 for Co! might appear as very large in compar
son with the number of walls shown in the MFM image
Fig. 4~d! ~five walls in a 10-mm-long wire fragment!.
Though they are not consistent with the particular MFM im
age of Fig. 4~d!, the values ofNDW are not inconsistent with
observations by MFM in general. Indeed, up to ten wa
were observed by other authors33 in similar nanowire frag-
ments, 7mm in length. This corresponds to an average w
density of 10/7 per micrometer which, if applied to the ca
of our 22-mm-long wires, leads to a number of walls of 31
good quantitative agreement with the value ofNDW used in
the simulations (NDW529 for Co!. Furthermore, MFM ob-
servations suggest that even higher wall densities migh
possible in our nanowires. For example, the adjacent bl
and white contrasts close to the upper extremity of the w
of Fig. 4~d! stem from two 180° domain walls only 200 nm
apart from each other, a distance equivalent to a density
walls per micrometer.

Second, while the fraction of nanowires which split in
domains after transverse saturation (xMD) is very different
for Ni and Co ~also see Sec. IV D!, our simulations revea
that the number of walls the multidomain wires conta

e FIG. 13. Final result of the identification procedure in the ca
of the Co nanowire array.~a! Distributions of nucleation fields~thin
line, shaded curve! and propagation fields~thick line!. Experimental
~circles! and theoretical~lines! x(H) @~b! and ~d!# and m(H) @~c!
and ~e!# curves. The experimental data are those obtained for@~b!
and ~c!# uH5180° and@~d! and ~e!# uH590°.
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TABLE I. Parameters used for the simulations of Figs. 12 and 13~see the text for details!.

Ni nanowire array Co nanowire array

Nucleation GaussianPn(Hn) GaussianPn(Hn)
Hn

05168 Oesn556 Oe Hn
051016 Oesn5180 Oe

Log-normalPp
W(Hp) Log-normalPp

W(Hp)
Weak pinning ap

W54.69bp
W50.50dp

W5230 Oe ap
W56.54bp

W50.33dp
W52308 Oe

xp
W50.40 xp

W50.19

Log-normalPp
S(Hp) GaussianPp

S(Hp)
Strong pinning ap

S55.83bp
S50.43dp

S50 Hp
0S51212 Oesp

S5332 Oe
xp

S50.60 xp
S50.81

NPS543 NPS532
Number of pinning sites NPS

W ;17 NPS
W ;6

NPS
S ;26 NPS

S ;26

SDR component NDW50 NDW50

MDR component NDW535 NDW529

uH5180° experiment xSD
↑ 50.00xSD

↓ 51.00xMD50.00 xSD
↑ 50.00xSD

↓ 51.00xMD50.00
uH590° experiment xSD

↑ 50.19xSD
↓ 50.19xMD50.62 xSD

↑ 50.32xSD
↓ 50.32xMD50.36
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r-
(NDW) is rather similar for the two ferromagnetic meta
This suggests thatNDW is mainly determined by the quantit
of defects (NPS) present in the nanowires, which on
slightly differs between Ni and Co, rather than by the intr
sic magnetic parameters of the materials~e.g., anisotropy,
saturation magnetization! which on the contrary are strongl
unlike for the two systems.

Third, while the number of strong pinning sitesNPS
S 5xp

S

3NPS is the same in the two kinds of wires (NPS
S ;26), the

number of weak pinning sitesNPS
W 5xp

W3NPS is about three
times larger in the Ni nanowires (NPS

W ;17) than in the Co
nanowires (NPS

W ;6). This practical result will be of decid
ing help in identifying the physical nature of the two class
of defects, which is done next. It is known from the stru
tural characterization evoked in Sec. II that Ni and C
nanowires differ noticeably from one another in the size
the crystal grains they are made of or, in other words, in
number of grain boundaries they contain: Ni nanowires c
tain more of these defects than Co nanowires. This con
tutes a strong indication that the weakest defects may we
grain boundaries, which, as every magnetic inhomogenei
can act as pinning centers. As far as surface roughnes
concerned, Ni and Co nanowires are very similar. Rat
important constrictions~Fig. 2! are present along both kind
of nanowires, in similar quantities. Moreover, such constr
tions or necks can obviously be extremely efficient in tra
ping propagating walls, constitute preferential sites for th
formation and easily give rise to pinning strength of seve
hundred or a few thousand Oersteds. It is then reasonab
identify the strongest defects with local reductions of w
diameter. In the light of these results, the variation of
shape of the MDR component withuH observed in the cas
of the Ni nanowire array may be attributed to the fact that
Hsat is removed domain walls form preferentially on sites
a certain kind, for instance on strong defects rather than
18443
-

s
-

f
e
-

ti-
e
s,
is
r

-
-
ir
l
to

e

s
f
n

weak defects, depending on the precise orientation ofHsat

with respect to the wire axis, hence with respect to the me
brane normal. This possibility was implicitly ignored in ou
model.

Our previous experimental observations13,18 had led us to
the conclusion that the vast majority of nanowires rever
its magnetization in several consecutive steps. Neverthe
there mighta priori exist a few wires in which all of the
defects are such thatHn.Hp , so that the magnetization re
verses in a simple one-step process, without pinning of
walls nucleated at the extremities. The proportion of wir
behaving like this being a question of interest, it has be
estimated from our model simulations. In the case of C
only several tens of wires out of one million have been fou
to reverse in one go. In the case of Ni, not a single wire
been found to behave like this. These numbers highlight
deciding role of defects in the magnetization processes
electrodeposited nanowires of small diameter.

As may be seen in Fig. 12, the field position and span
the low field peak in the SDR component coincide very w
with those of the nucleation field distributionPn(Hn). The
low field peak may thus be definitely attributed to the moti
of domain walls which, after being nucleated at a wire e
tremity, propagate until they are pinnedfor the first time.
From the small surface area of this peak, it may be infer
that, on average, the defects where this occurs are loc
rather close to the extremities where the walls ‘‘enter’’ t
wires. In contrast, the position of the high field peak in t
SDR component does not coincide with that of the high fi
part of the propagation field distributionPn

S(Hn), contrary to
what one might have naively expected. This phenomeno
again related to the property that pinning centers withHp
,Hn do not trap walls during the magnetization reversal
single-domain nanowires~but they may of course do so du
ing the remagnetization of multidomain wires!. Conse-
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quently, the peak at high fields corresponds essentially to
propagation of walls departing from sites such thatHp
.Hn ; it thus extends over the field range defined in go
approximation byPp(H).Pn(H), as verified for both Ni
and Co nanowire arrays. In the case of the Ni nanowire a
~Fig. 12!, the high field peak in the SDR component may s
appear to the reader as located at surprisingly large fi
with respect toPp

S(Hp). Its maximum is indeed located i
the tail of Pp

S(Hp). This phenomenon is however not une
pected. It is an intrinsic consequence of the fact thatPp

S(Hp)
is a log-normal distribution, i.e., a strongly asymmetric d
tribution with a long tail extending far at largeHp . For such
a statistical distribution, which belongs to the class
‘‘broad’’ distributions ~as opposed to ‘‘narrow’’ symmetrica
distributions such as Gaussian or normal deviates!, it is
known that rare statistical events~here large values ofHp)
play an unusual dominant role.34 Translated into terms ap
propriate in the context of this study, the domination of ra
events is the property that the magnetization reversal in
Ni nanowires is mostly determined by very few pinning sit
with relatively large propagation fields.

The spread of the values ofHn and Hp has several pos
sible sources. First, it may be due to intrinsic reasons. In
case of the nucleation field these may be fluctuations in
wire diameter or variations in the shape of the wire extre
ties, such as those evoked in Sec. II. Indeed, it was dem
strated experimentally in the case of elongated nanoscal
ements with longitudinal magnetization that smaller late
dimensions and/or sharper ends give rise to enhanced sw
ing fields.2,35,36As for the propagation field, intrinsic reason
for fluctuations are trivial: These are variations in the nat
and/or the size of the defects.

The average distance between the pores (1mm) being
only a fraction of the wire length (L522 mm), significant
dipolar interactions between the nanowires probably exis
the studied arrays. These may affect the nucleation
propagation fields in several ways. To demonstrate this p
in a simple manner, let us consider the following two e
treme situations. In the first one, all the wires are sing
domain and their magnetization vectors are aligned anti
allel to the external field. This is what the magne
configuration of the array is just before the reversal starts
the second, an external field has been applied, whose m
nitude was large enough so that a large number of wires
reversed its magnetization. This corresponds to the end o
reversal process, just before the magnetization of the a
reaches saturation. In the first situation, the dipolar field g
erated by the neighboring wires on any particular wire a
to the external field.17 As compared to an equivalent bu
isolated wire, the wire in question is thus exposed to a lar
effective field; nucleation and propagation are therefore p
moted by the dipolar interactions and occur in smaller
plied field. In the second situation, those wires which are s
magnetized antiparallel to the applied field are mostly s
rounded by neighbors which have reversed their magne
tion. These antiparallel wires are then confronted to a dipo
field opposite to the external field,17 and hence to a reduce
effective field. Nucleation and propagation in these wi
occur therefore at larger applied field strength, as compa
18443
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to noninteracting wires. This clearly shows that magne
static interactions between wires can be a source of broa
ing of the characteristic field distributions. The fact that t
samePn

S(Hn) and Pp
S(Hp) distributions could be used to

simulate thex(H) and m(H) curves corresponding to th
reversal of single-domain wiresand to the remagnetization
of multidomain wires suggests however that dipolar inter
tions are not the dominant source of spread in the value
Hn andHp . If this were the case, thePn

S(Hn) and Pp
S(Hp)

distributions would depend more strongly on the details
the magnetic structures inside the wires, hence on the typ
magnetization process.

Finally, the distributions ofHn and Hp values are cer-
tainly also due in part to an extrinsic reason that is the
perfect parallel alignment of the nanowires. It is unlikely th
a misalignment of a few degrees of the external field w
respect to the wire axis~see Sec. IV D! may modify deeply
the mechanisms of reversal and remagnetization. Howev
is reasonable to assume that such a misalignment
slightly affect bothHn andHp . Although the impact of this
extrinsic source of disorder is hard to quantify, it is believ
that the spread ofHn and Hp reflects mainly differences in
the intrinsic properties of the nanowires.

VI. CONCLUSION

We have shown that the analysis and modeling of us
magnetization measurements can yield valuable statistica
formation on the magnetic properties of arrays of seve
million ferromagnetic nanowires. The information obtain
concerns the statistical distribution of the wire orientatio
nucleation field, and strength of the pinning centers. T
analysis required the knowledge of the underlying magn
zation processes and domain structures, gained from pr
ous experimental investigations.

The data that were analyzed are the first longitudinal m
netization curves measured after the application of a satu
ing magnetic field at different angle with respect to the a
erage direction of the nanowires. These curves may con
two clearly identifiable components corresponding to the
versal of single-domain nanowires and to the remagnet
tion to saturation of multidomain nanowires, respective
The distribution of wire orientation was deduced from t
angular variation of the amplitude of these two componen
From the modeling of the shape of the two components
was shown that two distinct kinds of defects with very d
ferent pinning strengths are certainly present in the nan
ires. These were tentatively identified as grain bounda
and constrictions.
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