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We present a statistical analysis of the magnetization processes in arraysuof-Rg, 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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[. INTRODUCTION and how magnetocrystalline anisotropy influences the inter-
nal domain structure in such elongated objdste, for ex-
Nanomagnets are currently receiving considerable atterample, Ref.
tion. This is first due to their undeniable technological inter- Experimental evidenée**was also given that the magne-
est: They will soon find applications in high density mag-tization reversal in these nanowires does not occur through
netic recording media, miniaturized sensors, and spintronicoherent rotation or curling, that is, delocalized reversal
devices. The second reason, more fundamental, is that nanmodes extending throughout the entire wire, which are exact
magnets often show unusual properties, compared to bulk @olutions of the nucleation problem in ideal homogeneous
thin film magnetic materials, the understanding of which isellipsoids of revolutio*** This rather occurs through the
of primary importance from theoretical and practical view-creation of a localized reversed nucleus, followed by a
points. propagation, involving pinning or nd®:*® The reason for
Advanced lithographic techniques are usually employedhis localization effect might be that real wires exhibit strong
to make periodic arrays of submicronic magnetic dots, wiresgeviations from the ideal shape and structure. These devia-
and pillars'? However, these are relatively expensive, timetions result from various types of disorder, such as diameter
consuming, and cumbersome. An alternative approach fdituctuations, crystalline defects, or irregular geometrical fea-
producing nanoscaled materials is electrodeposition intdures at the wire ends. Although magnetization processes lo-
templates with nanometer-wide cylindrical pores, such as arcalized in the vicinity of imperfections are not favorable
odic alumited and track-etched polymer membrarfeéThis  from the point of view of exchange energy, since they in-
is a low-cost and high yield technique, particularly suitablevolve very inhomogeneous magnetization states, it was ar-
for large-area production of nanostructures with very largegued that they may become more favorable, as compared to
aspect ratio, i.e., nanowires. delocalized processes, due to locally reduced anisotropy
Ferromagnetic nanowires fabricated in this way have aland/or magnetostatic energie. However, recent micro-
ready been investigated extensively over the last detAde. magnetic simulations also predicted that the magnetization
Some of the fundamental issues tackled were how the mageversal occurs by means of nucleation at the ends and sub-
netization configuration of an extremely long cylindrical sequent solitorike propagation of 180° domain walls, even
magnet is affected when its diameter becomes comparable to defect free nanowire¥.
key magnetic length scales, such as the domain wall width, Most of the valuable information available on the magne-
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tization processes in electrodeposited nanowires was ob- 9 - ( 15—
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tained from the direct study of individual objects using rather
sophisticated experimental techniques: MicroSQUID's,
(superconducting  quantum interference  devic¢e8
magnetic force microscopy;'®> and magnetoresistance
measurement$:38|n this paper, we show how a cautious
analysis of straightforward magnetization measurements
taken on large arrays of such nanowires can, yet in favorables
circumstancesthat will be clarified in the course of the pa- 543 52 56 60 42 48 5490 96 102
pen, yield precious statistical information, complementary to 20 (deg) 20 (deg)

those gained from the aforementioned techniques.

The samples studied in this work consist of arrays of mil-  FIG. 1. 6/20 XRD spectra recorded on arrays @ Co and(b)
lions of 40-nm-thick Ni and Co nanowires with parallel-to- Ni nanowires with the diffraction vector perpendicular to the plane
wire easy axis of magnetization. Though the single-domair®f the membrane, i.e., parallel to the average wire direction (
state is the most commonly one associated with these Wire§,0-178897 nm). Cobalt and nickel possess their normal equilib-
a multidomain structure can be induced after saturation in #um phases, hcp and fcc, respectively, with strongly dominating
perpendicular-to-wire magnetic fiefdrhe (remagnetization textures,[0001] and [110], respectively. From the position of the

curves taken on these nanowire arrays may thus contain, f(ij’ggiggg“ F:z;:fé (Z’;a?g;g:efrzr C;’ta“fg:g;égr?;fora':z Z”e
i i i I i 1o Co™— Y- Ni
proportions which depend on their magnetic history, contri =0.3520 nm respectively, very close to the bulk values of 0.4069

232025 dfrg:)nmSIrr:q?Jﬁi-ggnT;p \\//vvilrrsz Lee\?ﬁfSIrr;gthe::et[?;g];elttlziihm and 0.3517 nm. Note also the presence of diffraction peaks
. 9 9 .. associated with théa) Cu and(b) Au films which served as cath-
shown here that, despite the extremely large number of wire

Sdes during electrodeposition.
involved, the(re)magnetization curves exhibit several clearly g P

discernible substructures. These are related to the rathﬁfspersion may be obtained from the analysis of magnetic
weakly distributed characteristic fields describing the revermeasurements; see Sec. IV.The etching conditions were
sal and remagnetization processes. _ optimized to produce cylindrical pores with average diam-
The paper is divided as follows. Relevant details on thesters of 40 nm.
fabrication and structural proper_ties of the nanpwires are Eor the nanowire growth, a thin noble metal film was
given in Sec. Il. In Sec. Ill, we first recall what is known genqsited by thermal evaporation on one side of the porous
about the magnetic anisotropy and the possible domain strugaempranes to serve as a cathode. The filling of the pores was
tures in the Ni and Co wires studied and we then demonstratg o, performed by electrodeposition of Co or Ni under po-
the irreversible character of the magnetization processes digsptiostatic control using a conventional three-electrodes
cussed in the following sections. In Sec. IV, we describe oUgg15 More details on the growth conditions are given in
experimental procedure and present a quantitative analysis @fots 8 and 20. For the present study, we used:B2thick
the magnetization curves measured, from which an eStimatﬁolycarbonate membranes with a porosity of 0.5% and an
of the dispersion in the wire orientation is deduced. In Secy e density of 1Dpores per square centimeter. The average
V, numerical simulations of the magnetization curves arespacing between the pores is then of the order pfri. The
presented, which allow one to explain in detail the origin of | .t- - area of porous membrane exposed to the electrolyte
the substrugtures observed in these curves. Finally, we giV&uring the growth was in the range of 0.1-0.3%so that
our conclusions in Sec. VI. the arrays of nanowires consist of 10—30 million elements.
A structural characterization of the Co and Ni nanowire
arrays was performed using x-ray diffractigfRD) and
transmission electron microscofyEM). Cobalt nanowires
with diameters in the range of 30 to 40 nm were shown to be
Random arrays of ferromagnetic nanowires were synthemade of large crystal grains, several micrometers long, ex-
sized by electrodeposition of Co or Ni into the pores oftending across the full wire cross sectfbfihese Co grains
homemade track-etched polycarbonate membranes. In corhave the bulk stable hcp structure and are preferentially ori-
parison with most polycarbonate porous templates availablented so that their crystallographicaxis is parallel to the
commercially, the membranes used show narrower size diwire ([0001] texture; see Fig. ®)). In comparison with Co
tribution and improved shape regularity and parallel align-nanowires, Ni nanowires are made of smaller crystal grains.
ment of the pores. A detailed description of the templatéThese possess their normal equilibrium phase, that is fcc. In
fabrication, which involves irradiation with heavy ions and the case of Ni, XRD spectra reveal the existence of a strong
chemical etching of amorphous polycarbonate films, may b&110] texture[Fig. 1(b)].
found in Ref. 19; only relevant information will thus be  Besides the microstructure, an important parameter that
given thereafter. A particularly important feature is that theinfluences the magnetization processes in nanostructures is
irradiation was performed under parallel ion beam at normathe morphology. The nanowires studied have relatively regu-
incidence with respect to the plane of the polycarbonate film$ar cylindrical shapgFig. 2@)]. Yet they exhibit shape ir-
so that the dispersion in the direction of the ion tracks, henceegularities. First, both Ni and Co nanowires show roughness
in the direction of the pores, is very smédin estimate of this  at their surface. In particular, they contain constrictions, that
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Il. FABRICATION, MICROSTRUCTURE,
AND MORPHOLOGY OF THE NANOWIRES
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FIG. 3. Room temperature hysteresis loops measured on arrays
of (@ Ni and (b) Co nanowires with the magnetic field applied
parallel () and perpendiculari() to the average wire direction

(normal to the membraneThe nanowires have a nominal diameter

FIG. 2. Bright field TEM images of Co nanowires freed from of 40 nm.

the polycarbonate templaté) Large scale view(b) and(c) Close S . . e
views of constrictions(d)—(f) Close views of extremities with dif- as limited: Crystal anisotropy helps in maintaining the mag-

ferent typical shapegd) flat, (¢) round, andf) pointed. netization_ aligned along the wire axis and simply reinforces
shape anisotropy.

is, local reductions of their diametéFig. 2(b,0)]. Second,
there exists a spredtrom wire to wirg in their mean diam-
eter(averaged along the wire lengtihich is of the order of Because the overall anisotropy is in both cases in favor of
10-20%, as estimated from scanning electron microscop§ longitudinal orientation of the magnetization, Ni and Co
images. Finally, the nanowires show irregular features apanowires behave very similarly. In particular, the domain
their extremitied Fig. 2(d—f)]. structures they form are qualitatively identical. After satura-
tion in a parallel-to-wire magnetic fieldongitudinal rema-
nent state,§y=0° (180°)], Ni and Conanowires are in a
I1l. MAGNETIC ANISOTROPY, DOMAIN STRUCTURES, single-domain state with longitudinal magnetization. This is
AND MAGNETIZATION PROCESSES first evidenced by the parallel-to-wire hysteresis loop square-
_ . nessM, /Mg (the remanent magnetization to saturation mag-
. A§ a necessary preliminary to the apaIySIS of the MaYNEL etization rati¢ very close to unity measured on assemblies
tization meagurements_ taken on the Ni and Co nanowire abf such wiregFig. 3. This is further confirmed by magnetic
rays, which is the topic of the next sections, hereafter W8 ce microscopyMFM) images taken on single nanowires

recall ?ome f[?[;]ewous resullts concerllwmt% t_he bas'ctmagnetgter the dissolution of the polycarbonate template, an ex-
propertiés of these nanowires, namely their magnetic aniso ample of which is shown in Fig.(d). These images consist

ropy and possible domain structures. only of complementary dark and bright monopolar contrasts
spanning the wire extremities, which indeed correspond to
A. Magnetic anisotropy the pole distributio_ns of oppo;ite pola_ritigs located on the
L ) _ . end faces of an axially magnetized cylindrical bar magnet.
The cylindrical nanowires studied have a length to diam-  \ypnen being brought to the transverse remanent state by

eter ratio ofL/$=550 (L=22 um, ¢=40 nm nominally.  4551ving momentarily a saturating magnetic field perpen-
Their very elongated shape is at the origin of a large shapgic,iar to the wire axis €, =90°), Ni and Co nanowires no

anisotrogy, closely approaching that of infinitely long cylin- |onger stay in a single-domain state. They rather split into
dersmMs, which favors an alignment of the magnetization seyeral axially magnetized domains with alternating magne-
along the wire axiguniaxial anisotropy. Due to the intrin-  {jzation directiorf These domains, which are forced to meet
sically low crystal anisotropy of fcc Ni and the absence ofpead-on because of the lateral confinement of the magneti-
significant magnetoelastic effect, shafuiemagnetizing en-  ation, are separated by 180° walls that carry a large amount
ergy) is the only important source of magnetic anisotropy inof magnetic chargeéheir probable micromagnetic structure
Ni  nanowires rM5=7.4<10° erglcn?  with  Ms  is shown in Fig. 2 of Ref. 17 These are revealed by inter-
=485 emu/crl), at room temperaturé. mediate monopolar MFM contrasts of alternating polarity,
In Co nanowires, crystal anisotropy is of the same ordefuch more intense than the end contrbig. 4(d)]. Notice
of magnitude as shape anisotropyN 5= 6.2x10° erg/cn?  that the strongly reduced total magnetic moment associated
with Mg= 1400 emu/cr). It is of uniaxial symmetry and with the multidomain structure of Fig(d) is consistent with
amounts toK=2x 10° erg/cn? at room temperature, as de- the very low transverse remanent magnetization measured on
duced from magnetic torque measuremé&ntbus crystal an-  arrays of wires located in their polycarbonate templéfés.
isotropy certainly plays a role in Co nanowires. However, the3),
crystal easy axis of magnetization éxis) being parallel to The formation of such multidomain structures may be ex-
the wire ([000]] texture of C9, this role may be considered plained as follows. As the strength of the applied field is

B. Domain structures

184430-3



HENRY et al. PHYSICAL REVIEW B 66, 184430(2002

is without fail single-domain. Finally, it is noteworthy that

multidomain structures similar to those described above form

also after demagnetization with an alternating field of slowly

decreasing amplitude applied along the normal to the wire
(d) axis (transverse demagnetizatjon

C. Magnetization processes

1. Results from previous works

°
Q9

MFM Signal (nm)
(=]
=

As a last prerequisite to the understanding of the magne-
tization measurements presented in the following sections,
we also summarize next previous results on the magnetiza-

- i L tion processes tha_t may occur in_the nanowwéen submit-
Position x (um) P postonxgm) ted to a longitudinal external fieltf'® Due to the one-

> dimensional-like geometry of the wires these processes are
©© @ ——— 0 (90> —0 o rather simple. First, it was demonstrated that the domain
<<€ < walls shown in Fig. 4d), i.e., domain walls induced after
transverse saturation, are initially located at pinning sites of
varying strength. A particular domain wall may be moved
along the wire by applying a magnetic field larger than the

(b) @]
i “vkv”“)\v”“ Ly

(wu) [euSIS AN

'
&
9

FIG. 4. [(a) and (d)] MFM images,[(b) and (e)] densitometer
traces along the wire axis af€t) and(f)] schematic magnetization

distributions for a 1Qem-long, 40-nm-wide Co wire fragment after depinning or propagation fieldor wall-motion coercive
the application and removal ¢&)—(c) an axial saturating fieldon- p 9 propag

gitudinal remanent stateand(d)—(f) a transverse saturating field of ﬂEId)_O_f the site where 'F 'S_Iocated' A propagating wall s_top_s
1.4 T (transverse remanent stat&he MFM images were recorded only if it encounters _a p”_m'ng center the strength of which is
with a Nanoscope Ifi scanning probe microscope equipped with 1arger than the applied field. . _ o
a magnetically hard CoCr-coated tip magnetized along its axis, and 1N€ remagnetization to saturation of a wire split into sev-
applying the tapping/lift™ interlace technique developed by Digi- €ral domains happens in the following way. The two walls
tal Instruments. The weak bright contrast visible all along the wirethat delimit inner domains with magnetization antiparallel to
in (a) and(d) is due to residual topographical interactiqiRef. 8.  the external field move toward each other until they meet and
The inset in(d) is a close view of the adjacent black and white the antiparallel domain is annihilated. Antiparallel end do-
contrasts located Lm below the upper end of the wire fragment. mains, which are delineated by a wire extremity on one side
and a domain wall on the other side, may be annihilated in

reduced, starting from the transverse saturation, the magng'-\.'0 ways:(l)_ the emstmg_domam wall may moye__toward the
Wwire extremity, where it is eventually expelled; @r) a sec-

tization, Wh'?h 'S subje.cted 'to a strong torque due t0. theond domain wall may be nucleated at the wire extremity, in
parallel-to-wire magnetic anisotropy, rotates progressivel

toward the wire axis. If the external field is perfectl oriented)(NhiCh case the annihilation occurs when this nucleated wall
: p y meets the one existing initially.

perpendicular to the wiréor at a very small angle from the During the magnetization reversal of a single-domain

Eloallirgleeanrot;m?r:etc\)/vitrhee avrvzla')eesouit/haell;rg?eaawotvsélﬁle digﬁgtlgpfhenanowire a similar pinning-propagation process occurs with
: . are €q » any Y domain walls forced through a one-dimensional dispersion of
wire which are sufficiently decoupled from each other to

behave independently may have their magnetization vectordefeCts’ a maximum of two walkone per extremitybeing
. pen 'y may . g Rucleated from the wire extremities. In the absence of defi-
rotate in opposite direction&lockwise and counterclock-

. E ; . nite information regarding their intim micromagneti
wise). If this is the case, these two regions eventually give te_information regarding the timate micromagnetic

Lo . : . i . structure, we will assume in what follows that the domain
rise in zero field to two domains of opposite axial magneti-

: . .. walls formed after the application of the transverse saturatin
zation, necessarily separated by a 180° wall. Such a splittin PP 9

in domains of opposite axial magnetization is all the moreﬂeld and those nucleated while applying a longitudinal field

. : . are similar, at least as far as their pinning on defects is con-
likely to occur as the length of the nanowirds$22 um) is cerned. Micromagnetic simulatioHssupport this assump-
very much larger than the exchange length=3 nm for Co tion
and A =8 nm for Ni). '
Importantly, it is known from MFM experiments that
there exists only a very narrow range of field anf(©0
—€)<0,=<(90+¢€) with 0<e<90°] for which multido- The magnetization processes just described were inferred
main structures form in the way just described. As soon afrom MFM observations and magneto-transport measure-
the anglesy between the field and the plane normal to thements carried out on single nanowirés® They are purely
wire gets large |(8,]|> €) that of the two directions colinear irreversible. To corroborate them and demonstrate that the
to the wire axis which is parallel to the longitudinal compo- magnetization processes at stake in our nanowires when
nent of the field is naturally favored. Upon reduction of thethese are submitted to longitudinal fields are effectively fully
field strength the magnetization then rotates as a whole tdrreversible, demagnetizing and magnetizing remanence
ward this favored direction and the resulting remanent stateurves were measured on large arrays of such objects. While

2. Reversible versus irreversible processes
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FIG. 5. Magnetization measurements taken on an array of Ni k1, 6. First magnetization curves measured(@na Ni nano-
nanowires. The external. field is applied along t.he r]ormal to thﬁNire array and(b) a Co nanowire array with the external fight
plane of the membrane, i.e., along the average direction of the Wirghplied along the normal to the plane of the membrane, after satu-

axes.(a) Major hysteresis loof{solid line) and demagnetization |41 in 4 field of varying orientatiofsee the text for details
remanence curvécircles. (b) First magnetization curvedines)

and magnetizing remanence curysgmbols after demagnetization
with anac field applied paralle(dashed line, squareand perpen-
dicular (solid line, diamondsto the average wire direction.

which is not perfectly parallel to the normal to the membrane
rotates slightly away from the field directioftoward the
revolution axig, so as to minimize anisotropy energy, hence
a hysteresis loop is generally a consequence of both revergiving rise to a tiny reduction of magnetic signal. Given its
ible and irreversible processes, remanence is a natural comery small size, we will neglect this reversible magnetization
sequence of irreversible processes only. Remanence curveemponent in the analysis that follows.

are thus useful tools by which to separate the two kinds of
processeé! The dc demagnetizing remanenidg(H) is ob-
tained by the successive application and removal of a reverse
direct field —H to the remanent state after positive satura-
tion, while the magnetizingisothermal remanenceévl,(H) A. Experimental procedure
is obtained by applying and then removing a positive fléld
to an unmagnetized state. Bokhy(H) and M (H) give a
measure of the amount of magnetization that has switche

ir_reversibly in_ a given fieloH. Th(_:‘ unmagnetized state €ON" pbrinceton Measurement Corporation. To make easier the de-
sidered here is an ac demagnetized state created by alololy'Egription of the geometry of these measurements, let us as-

an alternating field of slowly decreasing amplitude either, o
. ; Y sume that the polycarbonate membranes were lying in the
perpendicular to the average wire directigmormal to the poly ying

. . . . horizontalxy plane. In these conditions, the average direc-
plane of the membramein which case both single-domain , A
and multidomain nanowires occur in the arrésee Secs. tion of the wire axes was parallel to the vertieadxis. All of

Il B and IV B), or parallel to the average wire direction, in the measurements were taken with the external fielplar-

which case the nanowire assembly essentially divides int@llel to the upwardly directed normal to the membrame
two equally large populations of single-domain objects with[H=(0,0H) with H=0]. Prior to the measurement, the
opposite magnetizatiorté.Figure 5 illustrates the fact that wire arrays were submitted to a saturating fielg of 1.4 T
for our nanowire arrays the demagnetizing and magnetizingpplied at an angledy from ﬁT (0=64=180°). Starting
remanence curves coincide well with the major hysteresigystematically from zero, the field strength was progressively
loop M(H) and first magnetization curvi!;,;(H) respec- increasedwith a moderate sweep rate of 20 Oe/s for the Ni
tively. This proves thaM(H) and M;,,;(H) do indeed not nanowires and 50 Oe/s for the Co nanowjrestil the satu-
contain large reversible magnetization components. ration of the magnetization was reached. For convenience all
Still a very small deviation between the magnetizationthe magnetization values and curves discussed in the rest of
curves and the corresponding remanence curves may be dgis paper will be normalized to the saturation magnetization
tected (Fig. 5, especially at fields larger than 1 kOe valueMg (m=M/Mg).
[IMg(H)|<IM(H)], Mp(H)<M;,i(H)]. This reveals the
existence of a yet detectable reversible magnetization co
ponent inM(H) andM;,;(H). Nevertheless, this deviation
does not jeopardize our interpretation of the magnetization Figure 6 shows sets of first magnetization curves obtained
processes in longitudinal fields as it may be safely ascribeébllowing the experimental procedure described above for
to the fact that not all of the nanowires in the array have theicharacteristic N[Fig. 6(@)] and Co[Fig. 6(b)] nanowire ar-
axis perfectly aligned along the normal to the plane of therays. If one examines closely these curves, one may see that
membrane, which is the direction of the applied field in Fig.they are made of several contributions the amplitudes of
5. When reducing the field to zero for remanence measurewvhich change when the anglg, of the saturating fieldH
ment, the magnetization in those wires the revolution axis ofs varied. This becomes obvious if instead of looking at the

IV. MAGNETIZATION MEASUREMENTS:
RESULTS AND ANALYSIS

The magnetization measurements analyzed in this section
ere carried out at room temperature using a MicroMhg
odel 2900 alternating gradient force magnetometer from

n]?;. History dependence of the longitudinal magnetization curve
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H (Oe)

1000 1500

FIG. 7. Ni nanowire array(Open circleg Derivative with re-
spect toH of some of the first magnetization curve$H) shown in
Fig. 6(@). (Solid lineg Fits and decompositions of thesgH)
=dm(H)/dH curves in terms of SDR and MDR componefgse
the text for details Note that the lowest curve was magnified by a
factor of 2.

m(H) curves one rather looks at tlieeduced susceptibility
curves defined ag(H)=dm(H)/dH (Figs. 7 and &

Before proceeding with the analysis of thegéd) curves,
on which we will focus henceforth, a few words should be
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dm/dH

x:

0, =85°

1000 2000
H (Oe)

0 3000

FIG. 8. Co nanowire arrayOpen circleg Derivative with re-
spect toH of some of the first magnetization curve¢H) shown in
Fig. 6(b). (Solid lineg Fits and decompositions of thesgH)
=dm(H)/dH curves in terms of SDR and MDR componefgse
the text for details Note that the two bottommost curves were
magnified by a factor of 2 and a factor of 10, respectively.

(SDR component and labeledvspr(H) (=dmgpr(H)/
dH). In the case of the Ni nanowire arrélfig. 7), it has a
clear double-peak shape. We will demonstrate in Sec. V that
this results from the conjunction of two properties. First, the
magnetization reversal occurs schematically in two consecu-

said about their physical meaning. We demonstrated in Segye steps(see Sec. Il @ The nucleation and pinning of
Il C that, in good approximation, the magnetization curvesyomain walls followed by the propagation and expulsion
measured on nanowires with an external field applied alongnnjhilation of these walls. Second, the statistical distribu-
the normal to the membrane contain only an irreversiblajons of nucleation fieldsP,(H,) and propagation fields

component[m(H)=my(H)=m;,,(H)]. Therefore, x(H)
=dm(H)/dH is equivalent to théreducedl irreversible sus-
ceptibility ;. (H)=dm,, (H)/dH which, in the case of as-

P,(H,) associated with the Ni nanowire array only weakly
overlap. In contrast, the overlapping of the distributions
Pn(H,) and P,(Hp) is larger for the Co nanowire array.

semblies of magnetic particles, is directly related to theHence the SDR component exhibits only one peak, but with

switching field distributiorf® In the sequel, the(H) curves
will thus be regarded implicitly as such.

a pronounced shoulder on the low field sideg. 8), remi-
niscent of the fact that the typic@mnost probablevalue of

Let us now come back to the different contributions thatH , is smaller than that dff , [at this stage, it is assumed that

theseyx(H) curves contain. We shall first define them and
elucidate their origin. Fod,=180°, the first magnetization
curve is equivalent to the increasing field branch of the majo
hysteresis loop. Thus we know for certain that all of the
nanowires are initially in a single-domain stateee Sec.
[Il B) with the magnetizatioitalmos} antiparallel to the ap-
plied field H. Therefore, the first contribution that we may
identify is the one that shows up at high fieldlse only one
present ford,=180°). It can undoubtedly be attributed to

Pn(H,) andPy(H,) are unimodal and symmetrical distribu-
tions.

r In addition to the SDR component, a second contribution
shows up at smaller fields a&, is diminished. This addi-
tional contribution has also a well-defined double-peak
shape®* Moreover, as illustrated in Figs. 7 and 8, this be-
comes more and more important@gsapproaches 90°. Then

it can be safely ascribed to the remagnetization of nanowires
initially in a multidomain state, as a the result of the appli-

the reversal of single-domain wires. In the sequel this coneation of a transverse saturating field prior to the measure-

tribution will be referred to as the single-domain-reversal

ment(see Sec. Il B. In the sequel, we will term this com-

184430-6



STATISTICAL ANALYSIS OF THE MAGNETIZATION . .. PHYSICAL REVIEW B 66, 184430 (2002

ponent multidomain-remagnetizatiofMDR) and label it Ni
xmpor(H) [=dmypr(H)/dH]. To account for the fact that 2ls 1
the remagnetization of multidomain nanowires usually oc- &

curs in fields smaller than the reversal of single-domain § |———
wires, one may simply notice that the remagnetization does % =
not require the nucleation of domain walls from the wire g” ()
extremities, since walls already exist, whereas the reversa

does. However, only numerical simulations as those reportec

in section V will give a comprehensive explanation of this g} (b) ] 0.6} (d)
phenomenon as well as of the double-peak structure of the
MDR component. % g
As may be seen in Figs. 7 and 8 the SDR component doe:gz 52
not vanish entirely fod,,=90°. This is essentially due to the
imperfect parallel alignment of the nanowires. Indeed, if all g @ 0.0le
of the wires in an array were parallel, they would &r e o 55 I AT TR

almost al) split into domains following the application of the

saturating field at,=90°. Hence the vast majority of them 6, (deg) 6, (deg)
would contribute to the MDR component, a fact disproved .
experimentally. FIG. 9. Variations of (a) and(c)] Amgpr (0pen squargsA m;y;

. L. . . (solid squares mq (triangles and[(b) and (d)] Amypr with the
More generally, due to the dispersion in the wire orienta- ;
tion, which is very small as we will show, the arrays areangle Gy for the arrays of (@ and (b)] Co and[(¢) and (@)] Ni

. X . .nanowires. The solid lines are the best possible simulations of these
constituted of three categories of nanowires after the appliz P

. . . . angular variations that could be obtained using the model described
cation ofl—_|sat. _(|) Those_ nanowires for which the ang!e Pe-in sec. IVD. The parameters used asg=(3.1+0.1)° and e
tween their axis an#ll g is in the rangg 90— €,90+ €] (with =(2.6+0.1)° for Ni, 7,=(3.5-0.1)° ande=(1.6+0.1)° for Co.
0=<€<90°) are in a multidomaitMD) state. Then, they will
contribute to the MDR component of the first magnetizationset of four lines. Two of them were introduced to reproduce
and susceptibility curvesii) Those nanowires for which the the SDR component the shape of which was assumed to be
angle between their axis arlis larger than 98 € are in  independent of¢; and the amplitude of which only was
a single-domain state. That of the two directions colinear tallowed to vary(fixed positions and linewidth, and fixed ra-
their axis which is naturally favored when removittty,  tio of the amplitudes of the two lingsThe second pair of
being the one pointing downward, their magnetizatiotals  lines was used to reproduce the MDR component. For the Ni
mos) antiparallel toH (SD, state. Therefore they will con- nanowire array the lines used for the fit were log-normal
tribute to the SDR component of the first magnetization andines, whereas these were Gaussian lines for the Co nanowire
susceptibility curves(iii) Finally, those nanowires for which array. As shown in Figs. 7 and 8, successful fits of (k)
the angle between their axis ahtl, is smaller than 96 ¢  curves could be obtained in this way. Since the SDR and
are in a single-domain state too. However, since that of théDR components do not overlap strongly, one may be quite
directions colinear to their axis which is favored when turn-confident in the accuracy of the decomposition.
ing off Heyis the one pointing upward, their magnetization is  In the case of the Co nanowire arrésig. 8), the shape of
(almos} parallel toH (SD; stat. As a consequence, they the MDR component as deduced from the flttln_g_ procedure
will not give rise to any change of magnetization upon in-was found almost independent @;: The position and
creasingH, hence will not manifest themselves in t¢H) width of two lines necessary to reproduce it could be left
curve. They will only contribute to the longitudinal remanent unchanged in the fit, only their relative amplitudes had to be

magnetizationmy=m(H=0) measured immediately after Slightly adjusted when varyingy . It is clear from Fig. 7
the application oH,,. that no such invariance of the shape of the MDR component

occurs for the Ni nanowire array. In particular, it is obvious
that the relative amplitudes of the two peaks the MDR com-
C. Decomposition of the longitudinal magnetization curve ponent is made of change drastically with . A tentative

From the previous discussion it is clear that the remanergXplanation of this phenomenon will be given in Sec. V, after
magnetizationmy, the integral of the SDR component the origin of the double-peak shape of the MDR component
xspr(H) overH (from 0 to infinity), Amgpg, and that of the ~ be elucidated.

MDR componentyypr(H), Amypgr, are intimately related
to the initial fractions of nanowires in the SPSD,, and
MD magnetic states. As will be show nef@ec. IV D the
variation of these quantities as a function &f may yield The variation of my, Amgpgr, AMypr and Amy,
important information on the dispersion of the wire direc- = Amgpr+ Amypr as a function ofdy, is presented in Fig.
tions and values for the critical angée However, obtaining 9. A simple model was developed to simulate this angular
the amounts of nanowires in the $@nd MD states first variation. In this model, only the initial magnetic state and
requires one to separate the SDR and MDR components. lthe final magnetic state of the nanowires are of importance.
practice, this was achieved by fitting tlg¢H) curves with a  The details of the magnetization processes which lead from

D. Modeling of the history dependence
of the magnetization curve components
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the former to the latter are deliberately ignored: The modemodel. This reduction is indeed barely perceptible experi-
aims at reproducing only the sizes of the SDR and MDRmentally, as already mentioned in Sec. Il C 2. Moreover, the
components of thge(H) curves, i.e. Amgpr and Amypr, dispersion in the wire directions is found very similar in the
not their shapes. The model obeys the rules described previvo arrays. This was expected as the two polycarbonate tem-
ously which determine in what magnetic state a nanowirglates supporting these arrays were fabricated in the very
finds itself after the application of the saturating fi¢ld,y  same experimental conditions.

(see Sec. IV B Moreover, it is based upon the following  To obtain precise information on the angular distribution
additional assumptions. The arrays contslinanowires and - of the nanopores in such templates is a rather difficult task.
have a(reduced saturation magnetization dff units (one 14 oyr knowledge, no experimental technique exists which
unit is equal to IN). A nanowire in a multidomain state has g1o\s to achieve this directly, i.e., for templates with empty
zero net magnetlcl mo_me?ﬁhence does F’Ot pontr_|bute_to the pores. Though indirect, magnetic measurements on templates
remanent magnetizatian,. Its remagnetization gives rve 1o ,ing their pores filled with ferromagnetic materials are one
an increase of total magnetization &f1 unit and- th(_e WIré o the only ways, if not the only one, to perform such a
contributes the same amountonypr. A nanowire in the  cparacterization. In the past, several experimental methods
SD, state contributes-1 unit to m,. Its reversal generates \yere developed to determine the distribution of easy axes of
an increase of total magnetization ©f2 units. Then such a magnetization in ferromagnetic fine-particle systéfTe°

wire contribute_s+2 units_ toAmgpg- _Finally, a nanowire in However, implementing any of these methods, generally
the SO state just contributes-1 unit to mp. Under these  pased on maximum remanence measurements, in the case of
assumptions, the initial fractions of nanowires in the MD,he panowires studied would have been pointless as all of
SD,, and SD magnetic states are simpkfyp=AMypr.  them are strictly restricted to particles, interacting or not,
xgp=AMmgpg2, andxkp=Amgpg2+mo, respectively. FUr- having only two possiblesingle-domaih states at rema-
thermore, the direction of a given nanowire is determined byhence, and presenting fairly broad distributions of easy axes,
a polar angled (0=<6=<90°) measured, like,;, from the  two conditions which are not fulfilled in our case. In these
upwardly directed normal to the plane of the membrélﬂe conditions, the method presented in this paper deserves to be

=7 and an azimuthal angl¢ (0< #<360°) measured from Noticed for its originality and unprecedented sensitivity.

thex axis. As a last ingredient of the model, the dispersion in The critical angles €) of the Ni and Co arrays are both

the nanowire directions is assumed to be such (hathe extrenlely smal.l as they amo_unt 0 (2.6.1)° and.(1.6_
number of wires the direction of which has an azimuthalio'l) respectively. This confirms that the saturating field

angle in the interval ¢, s+ dy] is independent ofy (Ref must indeed be oriented extremely close to the plane normal

26). and(ii) the number of nanowires the direction of which to a wire for a multidomain state to be realized in this wire

K le with. in the i [0 0+dolis ai b after Hg, is removed. This also accounts for the relatively
makes an angle with; in the interval 6, lisgiven by g4ong difficulty we had in observing such multidomain state

N* 52 by MFM. However, the two angles are significantly different
dN(6)=f(60)sino do, = exr{ ]sinada, from each othere is larger in the case of the Ni nanowire

00\/% 2 array than in the case of the Co nanowire array. As a corol-
(1) lary, the fraction of nanowires which split into domains after
] o the application oH, at #,,=90° is much larger in the first
vv_here o< 90° is the standard deV|at|o_n of the _polar anglecase &vp=0.62 for Nj than in the secondxf,=0.36 for
distributionf(6), assumed to be Gaussian, @il is a nor-  cg). This might first be related to the much lower parallel-

207

malization factor such that to-wire magnetic anisotropy of the Ni nanowires, as com-
a60° 00° pared to the Co nanowirgsee Sec. Il A. Indeed, to a much
J d://J f(6)sin@do=N. ) lower magnetic anisotropy c_:orrgsponds a much smaller
0 0 torque exerted on the magnetization when oriented at a large

) ) o angle from the wire axis, which probably facilitates the split-
The best simulations of the variations wh, AMspr, and  ting in domains of opposite longitudinal magnetization com-
Amypr as a function ofgy that could possibly be obtained ponent as the saturating field is released. Second, this might
under the given assumptions are shown in Fig. 9. The experg|so be due in part to the larger number of magnetic defects
mental data are well reproduced for both Ni and Co nanopresent in the Ni nanowires, as compared to the Co nanow-
wire arrays. This suggests that the assumptions that we magl@s (see Secs. Il and Vthese defects being preferential sites

are appropriate. In particular, the one concerning the dispefpy the formation of domain walls ald ., is removed.
sion in the wire direction$Eq. (1)] seems justified.

The dispersion in the wire directions as deduced from our
analysis is small sincer,=(3.1+0.1)° for Ni and oy
=(3.5x0.1)° for Co. It is so small that the relaxation of the
magnetization toward the revolution axis in those nanowires
not perfectly aligned along the normal to the plane of the In the analysis of the magnetization measurements that
membrane, which occurs as the strength of the external fieldrecedes several crucial questions have not been answered or
is reduced from saturation to zero, gives rise to a reduction obnly answered partially. In particular, the double-peak shape
magnetic signal of only 0.2%, as further calculated from ourof the SDR and MDR components of th€H) curves has

V. SIMULATION OF THE LONGITUDINAL
MAGNETIZATION CURVES
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not been accounted for. It is the aim of the present section tc~ 8 - - : : - 5
answer these questions. (@) (b)
For this purpose, we developed Monte Cdik@ numeri-
cal simulations. These are based on the following assump z
tions. The reversal of single-domain nanowires and the re-
magnetization of nanowires initially in a multidomain state
occur according to the magnetization processes described i
Sec. lll C. The arrays contaiN nanowires N=10° for the . . . ‘ . .
computation. With each nanowire one associates two nucle- 0 500 1000 0 500 1000 1500
ation fieldsH, (one per extremity Npg pinning centers ran- H, , (Oe) H (Oe)
domly located along the wireNpg propagation fieldsH,
(one per pinning centgrand, in the case of a multidomain  FIG. 10. Result of the first step of the identification procedure in
nanowire, an initial number dflp,, domain walls. Each of the case of the Ni nanowire arraga) Distributions of nucleation
these walls is located on a site chosen at random among tfiiglds (thin line, shaded curyeand propagation fieldéthick line)
Npg defect sitegwhich impliesNpw<Npg). The walls are used to simulate thg(H) curve obtained fop,=180° (SDR com-
assumed to be infinitely thin so that the amount of magnetiPonent. (b) Experimental (circles and computed(line) x(H)
zation involved in them can be neglect®drhe nucleation ~ CUrves.
fields H,, and propagation fieldsl, are assumed to be dis-

tributed according either to a Gaussian statistical law of the
form Let us first focus on they(H) curve obtained for6y

=180° (Figs. 7 and § i.e., on the SDR component. As one
2 starts from a single-domain nanowire assembly in zero field,
1 (Hnp—Hnp) no change in magnetization is expected in this case until a
P p(Hnp) = ————exg — ———"F— (3) . ge i gnetization is exp in thi unti
' T onpV27 207, first domain wall is nucleated in a nanowire. The smallest
field wherey(H) takes a value significantly different from
whereoy, , andH p are respectively the standard deviation zero then constitutes an estimate of the smallest nucleation
and average value of the distribution, or to a log-normalfield Hmln and hence a lower bound fét,(H,). The field
law®? of the form at WhICh the saturation is reachety; is the one required for
the completion of the reversal of the last nanowire not yet
1 fully magnetized in the field direction. On the other hand, it
npl is known from MFM a_mq transport (_axperimen(lsee Sec.
BnpN2m(Hp p— 6n,p) [l C) that, in a vast majority of nanowires, walls nucleated at
the extremities undergo pinning during the magnetization re-
X exr{

X

~

(.20 _01) Hp/wp

(=

Probability densi ity (10° Oe™

A. First step

— (In(Hpp— 5n,p)_“n,p)2 4) versal. In other words, there generally exists pinning centers
25§,p (defectg with propagation fields such that,>H,. Hg can
then be regarded as an estimate of the largest propagation
wherea, , and s, , are respectively a scaling parameter andfield H;'®*, hence an upper bound fé¥,(H). These few
an offset field controlling the position of the distribution, and considerations were the starting point of our search for the
Bn,p is a fluctuation parameter controlling its shapedth). Pn(H,) andPy(H) distributions.
The physical origin of the spread in the valuesff andH,, Figure 10 shows the result of the first step of the identi-
will be discussed later in this pap&Bec. V D. fication procedure, in the case of the Ni nanowire array. The
In a first attempt to simulate the magnetization curvesgxperimental data are well reprodudddg. 1Qb)]. For this
Nps and Ny, were assumed to vary from wire to wire ac- Simulation we assumed a number of pinning snesNafS
cording to narrow Gaussian probability laws. However, this=26, a Gaussian distribution of nucleation fieldsid(
complication proved almost useless as it appeared that the 168 Oe, 0,,=56 Oe), and a log-normal distribution of
shape of them(H) and x(H) curves is essentially deter- propagation fields ¢,=5.83, §,=0 Oe, 8,=0.43) [Fig.
mined by the average numbers of pinning sites and domainQ(a)]. The use of a log-norma,(H,) distribution, as op-
walls. Then, to reduce as much as possible the number gfosed to a Gaussian one, was absolutely necessary in this
adjustable parameters in the simulations we assigned thease to account for the long tail at high fields of the SDR
same number of defects and walls to all the wires in a givertomponent. It is noteworthy that among the 26 pinning sites
array. introduced here, only two of theifon averageare effective
Unfortunately, the guidelines that may be used for choosin trapping walls during the magnetization reversal. Notice
ing the P,(H,) and Py(H,) probability distributions are also that we deliberately usedRy,(H,) distribution with a
very scarce. As a result, the identification Bf(H,) and  non-negligible probability of having defects with small pin-
P,(Hp) is necessarily based on a trial-and-error process. Thaing strength(several tens of OerstedsThis choice was
different steps that were necessary to achieve the identificanade since there ia priori no reason for such magnetic
tion will now be described in details as this description isdefects not to exist in the nanowires. However, simulations
essential to establish the conclusions that will be reacheds good as the one presented in Fig. 10 could also be ob-
eventually. tained withP,(H) distributions such tha®,(H,)=0 up to
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6 . . ponent is not reproduced in the simulations. It seems that
N_ =25 among the two peaks that the experimental MDR curve ex-
20 hibits only the one located at high fields may be reproduced

1510 under the assumptions made so (see the curve computed
24 for Npw=25). Interestingly, the same conclusion was
reached in the case of the Co nanowire af@yanalysis not
reported here Thus it appears clearly, at this stage, that an
essential ingredient is missing in our model.

dm/dH (10° 0Oe™)

X
o

0 500 1000 1500 C. Third step
H (Oe) The peak that is absent in the computed MDR component
] o is the one at lower field¢Fig. 11). In the case of the Ni
FIG. 11. Experimental MDR componetthick line) and theo-  5nq\vire array, this peak has its maximum at 46 Oe, that is
;etité,cnaL?f;gg%g%ginfﬁmn d:gﬁg&%ﬂ?ﬁf;gﬁﬁ?&g Tg r;grcle- well below the typical nucleation fielti?=168 Oe, and it
T extends up to approximately 200 Oe. It is related to the

diff t initial b fd i INpw - . .
rerent inftial nUmbers of domain Wallow propagation of walls which are initially weakly or very
. 0 o weakly pinned H,<H, typically). Its surface area is of the
ra'lther large values dfi,, (typically Hp.<0.'6H”)' This is a same order of magnitude as that of the high field peak of the
tr|\|/_||al consequeﬁnc_e oféhe_ facththat pmmr:g ]Sef‘te'lrs gﬂtﬁh . MDR component which, according to what precedes, likely
<A, are nor: € |cu(ajnt unng the reversal o rsl'n%eD'Roma'”corresponds to the propagation of walls departing from sites
_r;_anowwgs, J:ance Of n?t aNectlln_ a?g/ Wayft[ € i tﬁu[vteSUCh thatH ;=H, (typically). Hence the initial proportion of
€ main outcome of step No. _ IS the confirmation tha 0\rE/}vweakly pinned walls is certainly large. In these conditions
T ST . e proportion of defects with small pinning strength must be
Ff the(;)rot;))agatﬁn f'eld. d'Str'bl;t'?]ﬁp(le) must ]:_nclis(—(:-jq b.eb large too. It is easy to persuade oneself that this high propor-
pcatpe Ha ove; ﬁ ma;]xmg(;nho ft he nuc(:jgaatpgn field distri bu'tion of weak defects is in contradiction with the assumption
tion Pp(H,) and that the width of these distri ut|ons_must €of a(unimoda) propagation field distribution having a single
such that they do not overlap strongly, S0 t_hat typlcaily_ maximum located abovel?, as the one that had to be intro-
>Hy. In t_?ese con?_ltlotr)s o_nIy, a \ﬁ majority eOf mlilngw'resduced in the first step to account for the double-peak shape
Feverses Its magnetization in SEVerayo or morg weill de- f the SDR component. It occurs that the only way to resolve
fined consecutive steps reflecting in the non-trivial shapg %his inconsistency and reproduce the complex structure of
the SDR curve. Another_outcome of step No. 1, Qf F?r""cuc"’llboth the SDR and MDR experimental curves is to assume
r_elevance, IS that for g've'ﬁ’“(H”) af?d Pp(Hp) distribu- that P,(H,) is a bimodal distribution with two well sepa-
tions, the height of the low field peak in the SDR componentra,[ed maxima. one located aboMé,? the other one located
is mostly determined by the number of pinning sites: The ' '

largerNpg the smaller this peak. beIowHﬂ._ . . .
In practice, we built such Ry(H ) distribution by simply

adding two normalized lines?/(H,) and P5(H,), either
B. Second step GaussiafEq. (3)] or log-normal[Eq. (4)], weighted respec-

Of course, for our model to be self-consistent, a given setively by the fractions of so-called weak pinning sites!,
of statistical parameters should allow to reproduce both thand strong pinning sitex§=1—x‘,§". Such a decomposition
SDR and MDR components of thg(H) curves. Therefore, in terms of weak and strong pinning sites is somewhat arbi-
we used the statistical parameters determined in the first stepary since the two lines that compoBg(H,) overlap nec-
(Sec. V A to compute the corresponding MDR component.essarily, as we will see in the sequel. However, it will allow
At this point, we restricted our analysis to the MDR curve us to extract real numbers from the simulations for the sites
obtained for #;=90°. Several simulations were made in of the two kinds, which will be particularly useful when it
which the number of domain walls present initially in the will come to explaining and justifying physically the exis-
nanowiresNpy was varied from 1 to 25. It may be seen in tence of two distinct sorts of magnetic defects in the nanow-
Fig. 11 that, with increasindlpy, the remagnetization of the ires (see end of this sectipnFigures 12a) and 13a) show
nanowire array occurs in smaller and smaller fields. Morethe final result of the identification procedure carried out for
over the shape of the MDR component changes continuousthe Ni and Co nanowire arrays. As announced just before,
from the double-peak shape of the SDR compon&ii the P,(H,) distributions do not consist of two fully sepa-
=0) to a single-peak shaféor Np=10). These two fea- rated lines. However, the overlapping of the lines is suffi-
tures are related to the fact that, Mg,y increases, more and ciently small so that the low and high field peaks of the
more of the magnetization changes are due to the propaghdDR component can still, in first approximation, be attrib-
tion of walls existing initially, rather than to the motion of uted to the propagation of walls located initially on so-called
walls nucleated at the wire extremities, and among the iniweak and strong pinning sites, respectively. As a conse-
tially existing walls those which are the most weakly pinnedquence, the relative surface areas of the two peaks constitute
play an increasingly important role. It is obvious thoughrather accurate measures of the fractions of sites of the two
from Fig. 11 that the double-peak structure of the MDR com-kinds present in the nanowires, hence of the weights of the
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FIG. 12. Final result of the identification procedure in the case FIG. 13. Final result of the identification procedure in the case
of the Ni nanowire array@) Distributions of nucleation field&hin of the Co nanowire arraya) Distributions of nucleation fieldghin
line, shaded curyeand propagation fieldghick line). Experimental  line, shaded curyeand propagation fieldghick line). Experimental
(circles and theoreticallines) x(H) [(b) and (d)] and m(H) [(c) (circles and theoreticallines) x(H) [(b) and (d)] and m(H) [(c)
and (e)] curves. The experimental data are those obtained(®r and(e)] curves. The experimental data are those obtained(kr
and(c)] #,;=180° and[(d) and(e)] 6,=90°. and(c)] #,=180° and[(d) and(e)] 4=90°.

two lines that must be added for buildir@,(Hp). This  comments. First, the number of domain walls that had to be
property was naturally used to guide the choice of the paj roduced to reproduce the MDR curvel =35 for Ni

rameterx, . dNpyw= 29 for Co might appear as very large in compari-

. . . .an
It may be seen in Figs. 12 and 13 that sets of Sta'“St'cailon with the number of walls shown in the MFM image of
parameters could finally be found, which allow one to repro-Fig Ad) (five walls in a 10um-long wire fragment

duce simultaneously all of the experimental data accuratelyrhou : : ; .
. . gh they are not consistent with the particular MFM im-
Figures 1#), 1Xc), 13b), and 1c) show the best simula- age of Fig. 4d), the values ofNpy, are not inconsistent with

tions OOf the.m(H) and X.(H)I curves .obtaiﬂedd foréy observations by MFM in general. Indeed, up to ten walls
=180 that is the most simple case since the data contaif}e o opserved by other authdtsn similar nanowire frag-

- . _ T _ l _ .
only a SDR contribution Xup=xXsp=0, Xsp=1). Figures  mans 7/, m in length. This corresponds to an average wall
12(d), 12(e), 13(d), and 13e) show the best simulations of yengity of 10/7 per micrometer which, if applied to the case

the experimental data obtained f@g=90°. In this case the ¢, 22.um-long wires, leads to a number of walls of 31 in

magnetization curves contain both a SDR component and Good quantitative agreement with the valueNgf,, used in
MDR componentsee Sec. IV B For these simulations the fthe simulations Klpy= 29 for Co. Furthermore, MFM ob-

frac_:t|on_of nanowires in the MD state the remagnetization ofgo 1 ations suggest that even higher wall densities might be
which gives rise to the MDR componentp, and the frac-  oqsiple in our nanowires. For example, the adjacent black
tion of nanowires in the Spstate the reversal of which 5nq \white contrasts close to the upper extremity of the wire
manifests itself in the SDR componert,,, were set to_the of Fig. 4(d) stem from two 180° domain walls only 200 nm
values ofAmypr andAmspg2 at 6,,=90°, as determined apart from each other, a distance equivalent to a density of 5
in Sec. IV C. walls per micrometer.

Second, while the fraction of nanowires which split into
domains after transverse saturatioq,f) is very different

Table | is a summary of the parameters used for the simufor Ni and Co(also see Sec. IV our simulations reveal
lations of Figs. 12 and 13. These call immediately for threethat the number of walls the multidomain wires contain

D. Discussion
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TABLE |. Parameters used for the simulations of Figs. 12 ands&® the text for details

Ni nanowire array Co nanowire array
Nucleation GaussiaR,(H,) GaussiarP,(H,)
H%=168 Oeo,=56 Oe H°=1016 Oeo,=180 Oe
Log-normalP}/(H ) Log-normalP}'(H,)
Weak pinning a,’=4.698,'=0.50 5,'=—30 Oe a,'=6.548)/=0.335,'= —308 Oe
Xp'=0.40 Xp'=0.19
Log-normalPy(H ) GaussiarPy(H )
Strong pinning ay=5.8345=0.435,=0 H=1212 Oeo;=332 Oe
x5=0.60 x;=0.81
Np5= 43 Nps= 32
Number of pinning sites Np~17 Nps~6
Nis~26 N3s~26
SDR component Npw=0 Npw=0
MDR component Npw=35 Npw=29
6y =180° experiment x5p=0.00x5p=1.00Xyp=0.00 x5 p=0.00x5p=1.00Xyp=0.00
6,,=90° experiment X5p=0.19%5p=0.19Xyp=0.62 x5p=0.32x5p=0.32xyp=0.36

(Npw) is rather similar for the two ferromagnetic metals. weak defects, depending on the precise orientatioi Qf
This suggests tha¥py is mainly determined by the quantity with respect to the wire axis, hence with respect to the mem-
of defects Npg) present in the nanowires, which only prane normal. This possibility was implicitly ignored in our
slightly differs between Ni and Co, rather than by the intrin- jggel.
sic magnetic parameters of the materigdsg., anisotropy, Our previous experimental observatiéht had led us to
saturation magnetizationvhich on the contrary are strongly he conclusion that the vast majority of nanowires reverses
unlike for the two systems. o < its magnetization in several consecutive steps. Nevertheless,
Third, while the number of strong pinning sitdss=X;  there mighta priori exist a few wires in which all of the
X Nps is the same in the two kinds of wiredlgs~26), the  defects are such that,>H,, so that the magnetization re-
number of weak pinning siteNps=x}'X Npg is about three  verses in a simple one-step process, without pinning of the
times larger in the Ni nanowiredNgs~17) than in the Co walls nucleated at the extremities. The proportion of wires
nanowires Njs~6). This practical result will be of decid- behaving like this being a question of interest, it has been
ing help in identifying the physical nature of the two classesestimated from our model simulations. In the case of Co,
of defects, which is done next. It is known from the struc-only several tens of wires out of one million have been found
tural characterization evoked in Sec. Il that Ni and Coto reverse in one go. In the case of Ni, not a single wire has
nanowires differ noticeably from one another in the size ofoeen found to behave like this. These numbers highlight the
the crystal grains they are made of or, in other words, in theleciding role of defects in the magnetization processes of
number of grain boundaries they contain: Ni nanowires conelectrodeposited nanowires of small diameter.
tain more of these defects than Co nanowires. This consti- As may be seen in Fig. 12, the field position and span of
tutes a strong indication that the weakest defects may well bthe low field peak in the SDR component coincide very well
grain boundaries, which, as every magnetic innomogeneitiesyith those of the nucleation field distributid®,(H,). The
can act as pinning centers. As far as surface roughness lgw field peak may thus be definitely attributed to the motion
concerned, Ni and Co nanowires are very similar. Rathepf domain walls which, after being nucleated at a wire ex-
important constrictiongFig. 2) are present along both kinds tremity, propagate until they are pinnddr the first time
of nanowires, in similar quantities. Moreover, such constric-From the small surface area of this peak, it may be inferred
tions or necks can obviously be extremely efficient in trap-that, on average, the defects where this occurs are located
ping propagating walls, constitute preferential sites for theirather close to the extremities where the walls “enter” the
formation and easily give rise to pinning strength of severawires. In contrast, the position of the high field peak in the
hundred or a few thousand Oersteds. It is then reasonable 8DR component does not coincide with that of the high field
identify the strongest defects with local reductions of wirepart of the propagation field distributid?ﬁ(Hn), contrary to
diameter. In the light of these results, the variation of thewhat one might have naively expected. This phenomenon is
shape of the MDR component witf, observed in the case again related to the property that pinning centers With
of the Ni nanowire array may be attributed to the fact that as<H,, do not trap walls during the magnetization reversal of
Hsaiis removed domain walls form preferentially on sites of single-domain nanowiredut they may of course do so dur-
a certain kind, for instance on strong defects rather than omg the remagnetization of multidomain wijesConse-
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qguently, the peak at high fields corresponds essentially to th® noninteracting wires. This clearly shows that magneto-
propagation of walls departing from sites such thé  static interactions between wires can be a source of broaden-
>H,; it thus extends over the field range defined in gooding of the characteristic field distributions. The fact that the
approximation byP,(H)>P,(H), as verified for both Ni same PS(H,) and Pﬁ(Hp) distributions could be used to
and Co nanowire arrays. In the case of the Ni nanowire arragimulate they(H) and m(H) curves corresponding to the
(Fig. 12, the high field peak in the SDR component may still reversal of single-domain wireasnd to the remagnetization
appear to the reader as located at surprisingly large fieldsf multidomain wires suggests however that dipolar interac-
with respect toP§(Hp). Its maximum is indeed located in tions are not the dominant source of spread in the values of
the tail of P§(Hp). This phenomenon is however not unex- H, andH, . If this were the case, tth(Hn) and Pﬁ(Hp)
pected. It is an intrinsic consequence of the fact FP@(tH p) distributions would depend more strongly on the details of
is a log-normal distribution, i.e., a strongly asymmetric dis-the magnetic structures inside the wires, hence on the type of
tribution with a long tail extending far at larde, . For such magnetization process.
a statistical distribution, which belongs to the class of Finally, the distributions ofH, and H, values are cer-
“broad” distributions (as opposed to “narrow” symmetrical tainly also due in part to an extrinsic reason that is the im-
distributions such as Gaussian or normal devjatéisis  perfect parallel alignment of the nanowires. It is unlikely that
known that rare statistical eventisere large values dfi ) a misalignment of a few degrees of the external field with
play an unusual dominant rofé.Translated into terms ap- respect to the wire axitsee Sec. IV D may modify deeply
propriate in the context of this study, the domination of rarethe mechanisms of reversal and remagnetization. However it
events is the property that the magnetization reversal in this reasonable to assume that such a misalignment may
Ni nanowires is mostly determined by very few pinning sitesslightly affect bothH, andH . Although the impact of this
with relatively large propagation fields. extrinsic source of disorder is hard to quantify, it is believed
The spread of the values &f,, and Hp, has several pos- that the spread ofl,, and Hp reflects mainly differences in
sible sources. First, it may be due to intrinsic reasons. In théhe intrinsic properties of the nanowires.
case of the nucleation field these may be fluctuations in the
wire diameter or variations in the shape of the wire extremi- VI. CONCLUSION
<taiod experimentally n he case of elongated nanoscale cf /€ 1ave shown that the analysis and modeiing of usual
! L L agnetization measurements can yield valuable statistical in-
ements with longitudinal magnetization that smaller Iatera\b.‘

dimensions and/or sharper ends give rise to enhanced switc prmation on the magnetic properties of arrays of several
R 235 36 P give r S illion ferromagnetic nanowires. The information obtained
ing fields==>°°As for the propagation field, intrinsic reasons

for fluctuations are trivial- These are variations in the natur concerns the statistical distribution of the wire orientation,
and/or the size of the dei‘ects hucleation field, and strength of the pinning centers. The
. ' . analysis required the knowledge of the underlying magneti-

The average distance between the poresu() being Y 9 g derlying magne

. . - 7 zation processes and domain structures, gained from previ-
only a fraction of the wire lengthlL(=22 um), significant _ous experimental investigations.

dipolar interactions between the nanowires probably exist in The data that were analyzed are the first longitudinal mag-

the StUd'.ed arrays. These may affect the nucleatpn a.nﬂetization curves measured after the application of a saturat-
propagation fields in several ways. To demonstr_ate this pmqhg magnetic field at different angle with respect to the av-
Itn a S|m_{)let.mannler, tlr?t ]Lf.s tconS|der”t:1he fol_lowmg two elx'erage direction of the nanowires. These curves may contain
reme situations. in the Tirst one, ail thé wires areé singles,,, clearly identifiable components corresponding to the re-
domain and their magngtlzatlon .ve(_:tors are aligned ant'pa@ersal of single-domain nanowires and to the remagnetiza-
aIIeI_ to the external f'e.ld'. This is what the MAagnetic yjon to saturation of multidomain nanowires, respectively.
configuration of the array IS Just before the re_versal starts. Ir1’he distribution of wire orientation was deduced from the
the second, an external field has been applied, Who_se maghgular variation of the amplitude of these two components.
nitude was large enpug_h SO that a large number of wires haI§rom the modeling of the shape of the two components, it
reversed its magnetization. This corresponds to the end of ﬂ\ﬁas shown that two distinct kinds of defects with very dif-
reversal process, just before the magnetization of the aray, .ot pinning strengths are certainly present in the nanow-

reaches saturatiqn. In t_he firs_t situation, the o_lipolar ﬁ.EId 9€Mies. These were tentatively identified as grain boundaries
erated by the neighboring wires on any particular wire add%md constrictions

to the external field” As compared to an equivalent but
isolatgd w_ire, the wire.in question is thu_s exposed to a larger ACKNOWLEDGMENTS
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