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Abstract. The magnetic anisotropy and domain structure of electrodeposited cylindrical Co nanowires
with length of 10 or 20 um and diameters ranging from 30 to 450 nm are studied by means of magnetiza-
tion and magnetic torque measurements, as well as magnetic force microscopy. Experimental results reveal
that crystal anisotropy either concurs with shape anisotropy in maintaining the Co magnetization aligned
along the wire or favours an orientation of the magnetization perpendicular to the wire, hence competing
with shape anisotropy, depending on whether the diameter of the wires is smaller or larger than a critical
diameter of 50 nm. This change of crystal anisotropy, originating in changes in the crystallographic struc-
ture of Co, is naturally found to strongly modify the zero (or small) field magnetic domain structure in
the nanowires. Except for nanowires with parallel-to-wire crystal anisotropy (very small diameters) where
single-domain behaviour may occur, the formation of magnetic domains is required to explain the exper-
imental observations. The geometrical restriction imposed on the magnetization by the small lateral size
of the wires proves to play an important role in the domain structures formed.

PACS. 75.50.-y Studies of specific magnetic materials — 75.30.Gw Magnetic anisotropy — 75.60.Ch Domain

walls and domain structure

1 Introduction

In response to the ever-increasing demands for high per-
formance data storage media and sensing devices, great
effort is currently put into the development and studies
of innovative magnetic materials. Most magnetic devices
marketed nowadays still use bulk or thin film materials.
This is soon to change with the advent of nanofabrication
technologies. Nanofabrication offers the technical ability
to fabricate magnetic objects with nanometric scale pre-
cision having unique magnetic properties, which may be
tailored by manipulating the size, the shape, or the com-
position of the nanostructures. Many of these properties
come about by imposing a geometrical restriction on the
magnetization. As the size of the nanomagnets becomes
comparable to key magnetic length scales, such as the ex-
change length (in the nm range) or the domain wall width
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(nm—pm range), the magnetization configuration may in-
deed be strongly affected. The understanding of how finite
lateral size may affect the magnetic behaviour of nanos-
tructures is of primary importance from practical and the-
oretical viewpoints. Several techniques may be employed
to investigate the magnetic properties of nanostructures.
Among them, microSQUID’s [1], magnetoresistance mea-
surements [2-4], electron Lorentz microscopy [5] or holog-
raphy [6], and magnetic force microscopy [7-9] have proved
to be valuable tools in studying single nanoelements.

Necessary to achieve ultra-high density in magnetic
storage media is that the lateral size of the information
bits be as small as possible, without though the bit vol-
ume reaches the superparamagnetic limit beyond which
the energy needed to switch the magnetization of a bit
becomes less than the thermal energy. Also required is
that the transition region between two bits of opposite
magnetization be as narrow as possible, which in continu-
ous thin film media is clearly hindered by the finite width
of the domain walls. A promising way to achieve small lat-
eral size, with comparatively large volume and hence high
magnetic anisotropy energy of the bits is to realise arrays
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of nanometric magnetic pillars [10]. This allows to remove
the limitations listed before as each bit then consists of
a single-domain element, not experiencing exchange in-
teractions with its neighbours however close they are, and
having two well defined magnetization states of equal mag-
nitudes and opposite directions determined by the strong
shape anisotropy of the element.

Advanced lithographic techniques are currently em-
ployed to make regular periodic arrays of submicronic
magnetic wires, dots and pillars. As an alternative, electro-
chemical deposition of ferromagnetic metals into porous
templates is performed to produce arrays of nanopillars
(or nanowires). The most commonly used templates are
polycarbonate membranes [11-13]. Although, at present,
nanowires cannot be grown at prespecified locations in
such templates, which is required for magnetic storage ap-
plications, this technique has the attractive features of ex-
treme simplicity in operation and high cost-effectiveness.

In this paper, the magnetic anisotropy properties and
the magnetic domain patterns in 10 or 20 um long elec-
trodeposited Co wires with diameters ranging from 30 to
450 nm are studied by means of magnetization and mag-
netic torque measurements as well as magnetic force mi-
croscopy (MFM). Experimental results reveal that shape
and crystal magnetic anisotropies either compete with
each other or add to each other depending on whether the
diameter of the Co wires is larger or smaller than a critical
diameter of 50 nm. This change in anisotropy properties,
driven by changes in crystallographic structure, is found to
strongly modify the zero (or small) field magnetic domain
structure within the Co nanowires. Except for nanowires
with very small diameters where single-domain behaviour
may occur, magnetic domain formation is required to ex-
plain the experimental observations.

2 Nanowire fabrication and experimental
procedures

Random arrays of nanowires were made by electrodeposi-
tion of Co in the pores of home-made high-quality track-
etched polycarbonate membranes. The membranes were
first irradiated with Ar®f ions accelerated at 120 MeV
and subsequently etched chemically [14]. The irradiation
was performed at normal beam incidence with respect to
the plane of the polycarbonate films and the dispersion in
the direction of the ion tracks was less than 10 degrees.
The etching conditions were adapted to produce regular
cylindrical pores of varying diameters. A thin metal film
of Au, Ag or Cu was then deposited by thermal evapo-
ration on one side of the porous membranes to be filled
to serve as a cathode. The growth was performed by elec-
trodeposition at room temperature from a sulfate bath
containing Co?* ions under potentiostatic control using
a conventional three-electrodes cell. Boric acid was intro-
duced in the plating bath so as to reduce the local increase
of pH in the vicinity of the cathode, owing to its buffering
action [15]. The deposition potential was —0.9 V while the
pH in the bulk of the bath was typically 3.8. The filling of

Fig. 1. Electrodeposited Co nanowires observed with high
performance scanning electron microscopy after dissolution of
the polycarbonate membrane in dichloromethane. The average
wire diameter is 90 nm.

the pores was monitored by measuring the plating current.
The deposition was stopped as soon as three-dimensional
caps began to form on top of the few first emerging wires,
which was revealed by a sudden increase of plating cur-
rent. Using this growth procedure, similar to the one de-
scribed by Withney et al. [12], well-defined straight wires
were produced, whose length equals the membrane thick-
ness (10 or 20 pum) and which have relatively small surface
roughness, almost uniform circular cross section all along
the wire length and narrow diameter distribution (Fig. 1).

For this study, we used polycarbonate membranes with
low porosity. The average spacing between the pores is
larger than 1 pm so that the dipolar interactions between
the magnetic elements contained in the pores are certainly
small [16]. As a consequence, the magnetic properties of
the arrays of nanowires are expected to be similar to those
of assemblies of isolated objects. In order to keep the ini-
tial parallel alignment of the wires and take advantage
of it, all of the macroscopic magnetic measurements were
performed first, on large assemblies of wires while still lo-
cated inside the membranes. As for the local investigations
by MFM, they were carried out on single wires after dis-
solving the polycarbonate templates in a dichloromethane
solution and collecting the magnetic elements on clean and
flat silicon substrates.

3 Coercivity and remanent magnetization

The magnetic properties of the Co nanowires were first
studied by means of magnetization measurements carried
out at room temperature using an alternating gradient
force magnetometer (AGFM) (Fig. 2). The variation of the
longitudinal coercive field (Fig. 3a) and remanent mag-
netization (Fig. 3b) as a function of the wire diameter
¢ was determined from such measurements with the ex-
ternal field applied along the wires (perpendicular to the
membrane). In comparison with bulk Co which exhibits
coercive fields of a few tens of oersteds (depending on
the material microstructure), Co nanowires show greatly
enhanced coercivities, as already observed by Whitney
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Fig. 2. Room temperature hysteresis loops measured on arrays of Co nanowires with the magnetic field applied parallel (]|)
and perpendicular (L) to the wire axis. The nanowires have average diameters of (a) 30 nm, (b) 90 nm and (c) 200 nm.
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Fig. 3. Variation of the longitudinal coercivity (a) and squar-

ness (b) with the average diameter of the Co nanowires. The
lines are guides for the eye.

and co-workers[12]. In this respect, they behave in the
same way as most ultrafine ferromagnetic particles which
have a tendency to form magnetic single-domain struc-
tures. The enhancement of coercivity decreases rapidly as
the wire diameter increases (Fig. 3a). This is expected
since a larger diameter facilitates the formation of mag-
netic multi-domain structures, hence degrading the coer-
civity. The longitudinal squareness M, /My diminishes also
rapidly with increasing diameter, from a value close to 1
for the smallest diameter investigated, that is 30 nm, to
0.1 for diameters larger than 200 nm (Fig. 3b). This evo-
lution is more intriguing.

For infinite homogeneously magnetized cylinders, the
demagnetizing factors are respectively Ny =0 and N, =
21 for magnetic fields applied along directions respec-
tively parallel and perpendicular to the revolution axis.
Therefore, the shape anisotropy whose strength is %(N -
Nj)M2 = 7M2 tends to maintain the magnetization of a
cylindrical wire aligned along its revolution axis. For wires

with pure shape anisotropy, an external field of at least
27 M (8.8 kOe for Co) is required to fully orient the mag-
netization perpendicular to the revolution axis and square
hysteresis loops should be recorded when the external field
is applied along the axial direction.

Despite the very high length to diameter ratio hence
the strong shape anisotropy of the Co nanowires, square
longitudinal hysteresis loops are only observed for diam-
eters smaller than 50 nm. This result as well as the de-
crease of the longitudinal remanence with increasing diam-
eter can be understood in the light of results from X-ray
diffraction (XRD) and transmission electron microscopy
(TEM) experiments, a brief summary of which follows.
First, Co nanowires were shown to be made of large crys-
tal grains extending transversally across the full wire di-
ameter and longitudinally over several micrometers. Sec-
ond and more important, electrodeposited Co proved to
adopt a rather good quality hexagonal compact structure
with a preferential texture which depends on the diameter
of the wires. For diameters smaller than ¢y ~ 50 nm,
the c-axis is preferentially oriented parallel to the revo-
lution axis of the wires (Fig. 4a, b), whereas for diame-
ters larger than ¢ ir ~ 50 nm it is aligned within 10° of
the normal to the wire axis (Fig. 4c), as was also shown
by Maurice et al. [17]. Cobalt wires should thus possess a
strong crystal anisotropy (K = 5.3 x 105 erg/cm? in bulk
hep Co[18)]), almost similar in size to the shape anisotropy
(mM2 = 6.2x10° erg/cm? with M, = 1400 emu/cm?) and
always favouring an alignment of the magnetization along
the c-axis. Therefore, crystal anisotropy should be found
to either compete or collaborate with shape anisotropy de-
pending on whether the diameter of the Co wires is larger
or smaller than ¢ci¢ ~ 50 nm. Although the revolution
axis seems to remain the easiest direction of magnetiza-
tion whatever the diameter ¢ (Fig. 2), its easy character is
reduced for large ¢, because of the competition suggested
just before. This competition that will be ascertained later
in this paper by magnetic torque measurements (Sect. 4.1)
is at the origin of the formation of magnetic domains
with partial or full transverse orientation when reducing
the longitudinally applied field (Sects. 4.2 and 5.2.2). It
thus explains the drop in longitudinal remanent magneti-
zation observed when increasing the diameter of the Co
nanowires [16]. It also accounts for what may appear as
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Fig. 4. (a) 0/20 XRD spectrum recorded on an array of Co nanowires, 35 nm in nominal diameter, with the diffraction vector
parallel to the wires (A = 0.1789 nm). Co possesses its normal equilibrium hcp phase with a strongly dominating [0001] texture
(c-axis parallel to the wire). From the position of the (0002) diffraction peak (20 = 52.13°) one deduces a lattice parameter
¢ = 0.4072 nm, very close to the bulk value of 0.4069 nm. Note also the presence of two diffraction peaks associated with the
Cu film which served as a cathode during electrodeposition. (b, ¢) Dark field TEM images showing the preferred orientation of
the close-packed planes: (b) Almost perpendicular to the wire axis (c || wire) in Co nanowires with small diameters, (c¢) almost
parallel to the wire axis (¢ L wire) in Co nanowires with large diameters. Insets: Selected area diffraction patterns corresponding
to the micrographs ({1010) zone axis). The long streaks in the [0001] direction indicate the presence of fcc-like stacking faults.

an anomaly, namely the fact that for large diameters the
coercivity of the nanowires is maximum for an applied
field perpendicular to the wires (Fig. 2b, ¢).

4 Magnetic anisotropy
4.1 High field magnetic torque measurements

High field magnetic torque measurements were carried out
as a function of wire diameter and temperature in order to
determine accurate values for the Co crystal anisotropy as
well as the direction of the associated easy and hard axes
and thus ultimately confirm the changes of texture and
crystal anisotropy in the Co nanowires mentioned previ-
ously (Sect. 3). Preliminary experiments performed by ro-
tating the external magnetic field in the plane perpendic-
ular to the wires (membrane plane) showed no anisotropy
of the torque for assemblies of several hundred thousands
of Co elements, whatever their diameter. This result re-
veals that, when perpendicular to the revolution axis, the
[0001] directions of the Co cylindrical crystals located in-
side the membranes are randomly oriented in the plane
perpendicular to the wires.

The high field torque curves whose analysis is pre-
sented in the following (Fig. 5a, b) were recorded as
the applied magnetic field H was rotated in a plane
containing the revolution axes of the nanowires. The
external field of H = 12 kOe was large enough to sat-
urate the magnetic moment of the sample p, hence in-
suring a single-domain state in the magnetic cylinders.
The experimental curves consist of the variation of the
anisotropy torque I, as a function of the applied field an-
gle 0. Hence, they suffer from a shear-distortion resulting
from the slight angle-dependent misalignment of the mag-
netic moment p (angle #) and applied field which writes
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Fig. 5. High field torque curves measured at room temperature
on arrays of Co nanowires with average diameters of (a) 35 nm
and (b) 270 nm (open circles) and fits to the experimental data
according to equation 2 (solid line). The curves were recorded
as the applied field was rotated in a plane parallel to the wire
axis, the field angle being measured from the direction of the
wire axis.

(0—0p) = arcsin(I,/pH) [19]. For all diameters and tem-
peratures investigated, the experimental data were closely
fitted after the torque curves were sheared in proportion
to their ordinate by arcsin(l,/pH), i.e. corrected ade-
quately for the misalignment of the magnetization and
applied field. The anisotropy energy that was considered
for the fits is

E.(0) = K$Tsin? 6 4+ Ky sin? 6 (1)

which corresponds to a magnetic anisotropy torque of the
form

OEa(0)
a0

Ir,(0)=- = — (KT + K5)sin(26) + % sin(40)
(2)

where 6 is the angle between the direction of the magne-
tization of the wires and the direction of their revolution
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Fig. 6. Variation of the first order crystal anisotropy constant
K1 with the average diameter of the Co nanowires. The solid
line is a guide for the eye.

axes (normal to the membrane), K¢ is an effective first
order uniaxial anisotropy constant supposedly containing
shape (mM2) and crystal (K;) contributions and Kj is
a second order uniaxial anisotropy constant. Although it
had to be considered to achieve very good fits of the exper-
imental data, Ko was for most diameters found negligible
as C(émpared to the effective first order uniaxial anisotropy
(K5T).

4.1.1 Anisotropy versus diameter

The room temperature variation of the first order crys-
tal anisotropy (K1) as a function of the wire diameter is
shown in Figure 6. The rather large error bars are mainly
due to uncertainty in the volume of magnetic material
contained in the pores of the membranes. Note that for di-
ameters larger than ¢c.it ~ 50 nm the K7 values deduced
from the experimentally measured K$%’s by subtracting
7M2 were multiplied by a factor of 2 to account for the
random orientation of the c-axis in the plane perpendicu-
lar to the wires (see before). As expected from the change
of texture in the Co nanowires revealed by the structural
characterisation, the sign of K7 changes when the diam-
eter exceeds ¢Pcrit ~ 50 nm. Below ¢erit (¢ = 35 nm), K3
is positive. According to equation (1), this means that
crystal anisotropy collaborates with shape anisotropy in
maintaining the magnetization aligned along the revolu-
tion axis of the wires. Above ¢¢iy ~ 50 nm, K7 is nega-
tive. Thus, crystal anisotropy tends to align the Co mag-
netization perpendicular to the wires and competes with
shape anisotropy. However, crystal anisotropy never over-
comes shape anisotropy (mM2 + K is always positive at
room temperature) so that the revolution axis remains for
all diameters the easiest direction of magnetization in the
single-domain wires. Finally, the fact that K7 varies in a
continuous manner with ¢ and reaches values close to the
one reported for bulk Co (K; = 5.3 x 10° erg/cm?® after
Ref. [18]) only for those diameters which are larger than
100 nm indicates that the change of Co texture is proba-
bly progressive rather than abrupt, taking place in some
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Fig. 7. Variation of the effective first order anisotropy constant
K$ with temperature for arrays of Co nanowires with nominal
diameters of (a) 35 nm and (b) 90 nm.

but not in all wires or in some parts but not everywhere
in the wires having medium diameters.

4.1.2 Anisotropy versus temperature

Low temperature torque measurements were taken on two
arrays of nanowires with diameters respectively smaller
(¢ = 35 nm) and larger (¢ = 90 nm) than the crit-
ical diameter of ¢4 =~ 50 nm. These experiments re-
veal opposite thermal behaviours for the effective first
order uniaxial anisotropy constants K¢ of the two as-
semblies (Fig. 7). This is an immediate consequence of
the change of sign of the first order crystal anisotropy
constant (K1) that accompanies the change of texture
preferentially adopted by Co, as we shall explain now. In
good approximation, shape anisotropy is identical for the
two wire diameters (very large length to diameter ratio
for the two samples) and does not vary significantly in the
temperature range investigated (almost constant Ms). For
both diameters, the absolute value of K1, as deduced from
the K¢ constant determined experimentally assuming a
temperature and diameter independent shape anisotropy
of TM2 = 6.2 x 105 erg/cm?, increases monotonously with
decreasing temperature, in qualitative agreement with re-
sults on bulk hcp Co[18]. For ¢ smaller than ¢c,it, crystal
anisotropy reinforces shape anisotropy (K7 > 0). There-
fore, K¢ increases as the temperature decreases (Fig. 7a).
On the contrary for ¢ larger than ¢.it, crystal anisotropy
counteracts shape anisotropy (K; < 0). Hence, K¢ di-
minishes as the temperature is reduced (Fig. 7b).
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4.2 Low field magnetic torque measurements

As we will show hereafter from results of torque mea-
surements carried out with small applied magnetic fields,
the change of Co crystal anisotropy demonstrated in the
previous section induces a modification of the direction
along which the residual magnetization of arrays of Co
nanowires tends to align in zero or small magnetic fields.
Notice that all torque experiments presented in the next
discussion were performed respecting the following proce-
dure. The magnetization of the investigated samples was
first saturated with a large magnetic field applied perpen-
dicular to the wires. Then, the strength of the field was
reduced to the required value while its direction was un-
changed. Finally, the external field was rotated in a plane
parallel to the revolution axes of the nanowires and the
torque curves were taken successively for both clockwise
and counter-clockwise directions of rotation.

As is observed for most ferromagnetic materials, the
torque curves recorded on the nanowires studied become
hysteretic when one reduces the strength of the exter-
nal field below the minimum intensity that is required to
ensure a single-domain state and a fully reversible rota-
tion of the magnetization as the applied field is rotated.
Moreover, when doing so for Co electrodeposited wires,
the torque curves obtained retain, over a certain range of
magnetic field, the particular symmetry they exhibit in
stronger field, when entirely reversible. Hence, in the case
of the wires whose properties are analysed in this section,
torque curves keep their uniaxial symmetry as rotational
hysteresis starts to appear (Fig. 8a, b). However, if the ex-
ternal field is further reduced, the torque curves undergo
a progressive change of shape (Fig. 8c, d) and end up at
very low field with no significant rotational hysteresis and
a symmetry that is no longer uniaxial but unidirectional
(Fig. 8e, f). The occurrence of such reversible unidirec-
tional torque curves proves that the residual magnetiza-
tion of the nanowire arrays (M,) does no longer follow
the rotating external field (H) but is rather frozen along
a particular direction which is an easy direction of mag-
netization in small fields. The reason for this freezing is
that the Zeeman torque exerted by the applied field on
the residual magnetization is too weak to overcome the
anisotropy energy barrier (note that the word freezing is
not being used here in a literal sense since M, is not com-
pletely locked but rather oscillates slightly around the easy
axis as the external field is rotated). To convince ourselves
of this result, a simple model can be used, such as the one
described later in this paper (last paragraph of Sect. 4.2).

A comparison between the torque curves recorded in
the high and low magnetic field regimes defined before on
samples with ¢ = 35 nm (Fig. 8a, ¢, e) and ¢ = 90 nm
(Fig. 8b, d, f) shows once again that Co nanowires ex-
hibit different magnetic behaviours depending on whether
their diameter is larger or smaller than ¢cit ~ 50 nm.
More precisely, the phase shift of approximately 90 de-
grees observed between the unidirectional torque curves
recorded on these wires (Fig. 8e, f) indicates that the di-
rection along which the residual magnetization is pinned
reorients as ¢ exceeds ¢,it. From the angles corresponding
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Fig. 8. Low field torque curves measured on arrays of Co
nanowires with nominal diameters of (a, ¢, e) 35 nm and (b,
d, f) 90 nm for decreasing values of the external field from top
to bottom. Measurements were taken for both clockwise (solid
line) and counter-clockwise (dashed line) directions of rotation
of the applied field.

to the stable positions in the experimental torque curves,
we can state that M, is parallel to the revolution axis of
the wires for ¢ larger than ¢4 whereas it is perpendicu-
lar to this axis for ¢ smaller than ¢c.i¢. In a single-domain
picture, this latter statement is in contradiction with
the fact that the overall uniaxial anisotropy TM2 + K;
is always measured positive (at room temperature), im-
plying a preference for a longitudinal orientation of the
magnetization. Hence, the formation of magnetic domains
must be invoked to account for this experimental result.

As mentioned previously, the magnetic behaviour of
the Co nanowire arrays can, to a certain extent, be sim-
ulated using a very simple model, similar to the one de-
veloped by Stoner and Wohlfarth for describing magne-
tization reversals by coherent (or in unison) rotation of
spins [20]. In this model, we consider a single magnetic
moment g (magnetization M) subjected only, besides the
external field H, to a first order uniaxial anisotropy of en-
ergy Ky sin? 6, 0 being measured from the revolution axis
of the wires. To briefly summarise, results from this model
show that (i) rotational hysteresis occurs for field values
ranging from |K,|/M to 2|K,|/M and that (ii) a freez-
ing of p along the easy axis of magnetization takes place
for fields smaller than |K,|/M. Remarkably, a successful
simulation of the unidirectional torque curves recorded
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Fig. 9. Low field torque curves calculated from the model de-
scribed in the text (Sect. 4.2), for (a) positive and (b) negative
values of the uniaxial anisotropy constant K. Also depicted is
the relative orientation of the rotating field H and magnetiza-
tion M at particular points along these curves.

on the arrays of wires with ¢ = 35 nm (Fig. 8e) and
¢ = 90 nm (Fig. 8f) using this model requires to intro-
duce K, constants with the same signs as the K;’s mea-
sured for the two samples, i.e. positive (parallel-to-wire
anisotropy) for ¢ = 35 nm (Fig. 9a) and, more interest-
ing, negative (perpendicular-to-wire anisotropy) for ¢ =
90 nm (Fig. 9b). Then, in Co nanowires with diameters
larger than ¢.it, the effective uniaxial anisotropy changes
from positive in large fields to negative in small fields. This
indicates that the dipolar contribution £ (N, — N|)MZ2 to
the total anisotropy energy diminishes upon reduction of
the applied field so that crystal anisotropy becomes dom-
inant, imposing the direction of M, to be perpendicular
to the wires axis. Such a diminution of dipolar energy
can only occur through a change of demagnetizing factors
(N1, Nyj) following the formation of magnetic domains
with partial or full transverse orientation, probably an-
tiparallel to each other, so as to minimise simultaneously
the dipolar and crystal energies.

5 Magnetic force microscopy

In the previous sections, we have clearly evidenced the
correlation between the crystallographic structure and
the magnetic properties of Co electrodeposited nanowires.
The change of Co texture that occurs as the wire diam-
eter ¢ exceeds ¢¢rit ~ 50 nm induces a strong modifica-
tion of crystal anisotropy. Although the overall uniaxial
anisotropy was always measured positive at room temper-
ature, implying a preference for a longitudinal orientation
of the magnetization in single-domain wires, a transverse
orientation of the residual magnetization has been proved
for arrays of wires with diameters larger than ¢ey ~
50 nm. This result can only be understood if, due to the
negative (perpendicular-to-wire) crystal anisotropy, mag-
netic domains with full or partial transverse orientation of
the magnetization form at low field. In this section which
is devoted to results from magnetic force microscopy ex-
periments, the existence of such transversally magnetized
domains will be ascertained.

In order to image the magnetic domains in the Co
nanowires, a commercial Nanoscope 117" AFM/MFM

scanning probe microscope, equipped with a magnetically
hard CoCr-coated tip magnetized along the tip axis, was
used. We applied the popular tapping/lift” interlace
technique developed by Digital Instruments. The particu-
larities of this technique which are relevant for the inter-
pretation of the observed magnetic contrasts are briefly
described in Appendix A. Because of the proportional-
ity of the recorded signal to the magnetic force deriva-
tive (see Appendix A), the technique employed provides
a very good signal to noise ratio. However, it concomi-
tantly makes the recovering of the local magnetic configu-
ration within the sample not straightforward [21]. Indeed,
modelling is most often required to ensure a correct in-
terpretation of the observed MFM images. To evaluate
theoretically the magnetic force exerted on the tip and
its gradient, various levels of approximation are possible,
depending on the degree of complexity of the model used
to describe the shape and the magnetization state of both
the tip and the sample[21]. The assumptions we made
for the modelling of the MFM contrasts recorded on the
nanowires are presented in Appendix B together with the
analytical expressions that could be derived for the MFM
response of longitudinally and transversally magnetized
cylinders, upon which the modelling is based.

5.1 Nanowires topography

Sample shape is a key issue when interpreting the MFM
images recorded on small objects with the tapping/lift”"
method. Indeed, the shape of the sample determines
the trajectory of the magnetic probe (see Appendix A).
Thereby, it determines the MFM signal measured so that
a correct interpretation of the experimental MFM con-
trasts requires to take it into account. This point is clearly
demonstrated in Appendix C. Therefore, great attention
was paid to the sample topography. Assuming (as in the
appendices) that the wires were lying parallel to the %X
axis, the topographical profiles across the wires were fit to
a reasonable accuracy using functions of the type

1
(=)

3)

zZ=2zo+

which have already been used by Belliard and co-workers
in their study of similar electrodeposited nanowires [9]. In
this expression, zg is a vertical offset, H and 2L are re-
spectively the height, the half-height width of the profile
and y. is the coordinate of the profile centre. Figure 10e
is a summary of the relevant fit parameters obtained
for typical topographical profiles taken on Co nanowires
with nominal diameters of ¢ = 30, 120, 200 and 450 nm
(Fig. 10a—d). These first reveal that the height of the
profiles are in all cases very close to, though most often
slightly larger than the nominal wire diameter ¢. This con-
firms our previous estimates of the wire diameters from
scanning electron microscopy images. Second, they show
that the half-height width of the profile 2L is always much
larger than ¢. We believe that two phenomena concur in
enhancing the width of the topographical profiles across
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Fig. 10. (a—d) Typical topographical section profiles taken by
AFM on Co nanowires with nominal diameters of 30, 120, 200
and 450 nm (open circle) and fits to the experimental data
according to equation 3 (solid line). (e) Variation of the height
H (solid square) and half-height full width 2L (open circle) of
the AFM topographical profile with the nominal wire diameter
¢. The shaded area delineates the 2L values expected for tip
apex radii ranging between 30 and 50 nm (see Appendix D).

the nanowires. The first one is the tip geometrical hin-
drance, described and modelled in Appendix D. The sec-
ond one is that the polycarbonate/dichloromethane solu-
tion has been wetting the samples, leaving wide stripes of
polymer on the flanks of the nanowires after evaporation
of the solvent [9].

5.2 Magnetic domain structures
5.2.1 Nanowires with small diameters

Prior to MFM imaging, nanowires with diameters smaller
than @it 50 nm, i.e. nanowires where crystal
anisotropy co-operates with shape anisotropy in maintain-
ing the magnetization aligned along the revolution axis,
were brought to their longitudinal or transverse remanent
state by applying a strong magnetic field of 1.3 T in the
adequate direction (respectively parallel and perpendicu-
lar to the wire axis). Let us first consider the case of a
35 nm thick, 10 ym long wire in the longitudinal rema-
nent state such as shown in Figure 11a. The MFM image
mainly consists of nearly complementary black and white
contrasts spanning the ends of the cylinder (Fig. 11b).
Contrary to these strong end-contrasts, the comparatively
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Fig. 11. (a) MFM image of a nominal 10 pm long, 35 nm
thick Co nanowire after applying an axial field of 1.3 T (lon-
gitudinal remanent state). (b) Experimental (open circle) and
theoretical (solid line) MFM profiles along the wire axis. (c)
Simulated MFM contrasts assuming, as for the calculated pro-
file shown in (b), the magnetic configuration sketched in (d),
i.e. a homogeneous longitudinal magnetization in the wire.

weaker (bright) contrast extending along part of the wire
proved not to reverse upon reversal of the tip magnetiza-
tion. It may then be safely ascribed to a still substantial
topographical interaction between the sample and the tip,
which is not inconsistent with the small lift height of 20 nm
that was used for this experiment. A simulation based
on equations (B.2) and (B.5), assuming an homogeneous
longitudinal magnetization in the wire, leads to opposite
MFM end-contrasts very similar to those observed exper-
imentally (Fig. 11b, c¢). Thus, as sketched in Figure 11d,
the small diameter wire in the longitudinal remanent state
appears to behave as a single-domain axially magnetized
cylindrical bar magnet with monopolar pole distributions
located essentially on its circular end faces. This result
is in perfect agreement with the longitudinal squareness
M, /Mj of almost 1 measured on large assemblies of similar
wires, while still embedded in polycarbonate membranes
(Figs. 2a and 3b).

Let us now focus on a 10 pm long nanowire, 35 nm
in nominal diameter, brought to the transverse remanent
state such as shown in Figure 12a. This wire is not totally
isolated since a 2 pm long fragment, apparently single-
domain, has one of its extremities lying on top of the wire
of interest. However, this fragment proved to have very lit-
tle influence on the magnetic behaviour of the 10 pm long
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Fig. 12. (a, d) MFM images, (b, e) densitometer traces along the wire axis and (c, f) schematic magnetization distributions
for a 10 pm long, 35 nm thick Co nanowire after applying a transverse field of 1.3 T (transverse remanent state). Two sets of
data or shown (a—c, d—f) which correspond to two subsequent experiments. Note the presence of a 2 ym long wire fragment the
top end of which is sitting on the wire of interest. This fragment is responsible for the weak monopolar dark contrast visible at

x>~ —1um (b, e).

nanowire. Again a non-negligible and almost homogeneous
contrast is present along both the wire and wire fragment,
which can be surely attributed to residual topographi-
cal interactions. Contrary to the previous case, the end-
contrasts of the unbroken nanowire, which are associated
with surface pole distributions on the extreme faces, have
now the same polarity; both are indeed bright. This reveals
that the axial components of the magnetization in the
end regions have opposite orientations. Moreover, a sup-
plementary dark contrast, almost twice as intense as the
bright end-contrasts, is detected nearly half way along the
wire (Fig. 12b). This corresponds to the strong accumu-
lation of magnetic charges at the boundary between two
longitudinally magnetized domains of opposite magneti-
zation directions. In bulk materials and continuous films
with in-plane uniaxial anisotropy, 180° domain walls are
usually parallel to the magnetization in the domains that
they delineate. This arises essentially to avoid net mag-
netic charges on the walls [22], by virtue of the pole avoid-
ance principle. In contrast, the lateral confinement of the
magnetization in small diameter nanowires with parallel-
to-wire anisotropy forces the domains to meet head-on and
the separating walls to orient perpendicular to the wire
axis, hence to the domain magnetization. This results in
heavily charged walls having both volume and surface pole
distributions, exhibiting therefore strong MFM contrasts,
as shown in Figure 12a, b.

Then, the magnetic structure that emerges from the
MFM image of Figure 12a is that of a nanowire containing
two domains with comparable lengths and opposite axial
orientations, as depicted in Figure 12c. The formation of
this multi-domain structure can be readily explained as
follows. In the transverse saturated state, the magnetiza-
tion is aligned along the normal to the wire axis, every-
where in the sample. As the strength of the applied field is
subsequently reduced, the magnetization that is subjected
to a strong torque originating in the parallel-to-wire mag-
netic anisotropy rotates progressively towards the axial
direction. Two regions of the wire which are sufficiently
far or decoupled from each other to behave independently
may then have their magnetization vectors rotate in oppo-
site directions. In zero field, these two regions eventually
give rise to oppositely magnetized domains separated by
a 180° wall oriented perpendicular to the wire. Interest-
ingly, the size and the number of domains in which the
small diameter wires split when being taken to the trans-
verse remanent state may vary from one experiment to the
next. For instance, three, four, five or even nine longitu-
dinally magnetized domains of alternating magnetization
directions have been observed in the wire of Figure 12a.
A situation with four domains is shown in Figure 12d-f.
Notice that the strongly reduced total magnetic moments
associated with the multi-domain structures of Figure 12c,
f are consistent with the very low transverse remanent
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magnetization measured on large arrays of similar wires
located in their polycarbonate templates (Fig. 2a).

For completeness, we shall mention that, as expected,
multi-domain structures similar to those of the transverse
remanent state were observed in the transverse demag-
netized state obtained by applying an alternating field of
slowly decreasing amplitude along the normal to the wire
axis. More intriguing are the results obtained on wires in
the longitudinal “demagnetized” state. Although a nearly
zero remanent magnetic moment was measured on assem-
blies of several millions of them after the demagnetization
procedure, these appeared as single-domain in MFM ex-
periments. There are however additional indications that
longitudinally demagnetized assemblies of wires are indeed
made of two equally large populations of single-domain
cylinders with opposite magnetization (to be presented in
a forthcoming paper). Furthermore, the impossibility to
observe multi-domain structures in cylinders with large
length to diameter aspect ratio after applying an axial
field has already been shown by O’Barr et al. in the case
of Ni cylinders [23].

5.2.2 Nanowires with large diameters

A strong similarity exists between Co nanowires with di-
ameters larger than ¢cit ~ 50 nm and single crystal hcp
(0001) Co films. In both cases, crystal anisotropy (K,)
favours an orientation of the magnetization perpendicu-
lar to the direction favoured by shape anisotropy (Ky).
In hep (0001) Co thin films with thickness larger than
50 nm, the out-of-plane crystal anisotropy may in circum-
stances to be described later lead to the formation of per-
pendicularly magnetized stripe-shaped domains oriented
alternately up and down [24]. However, as the anisotropy
ratio Q = |Ky/K4l is less than unity (Q =~ 0.4), the
domain structure obeys the Landau model and contains
also flux closure domains at the film surface with mag-
netization parallel to the film plane [25]. Although such a
magnetic pattern is associated with sizeable exchange and
anisotropy energies due to the numerous domain walls it
contains, it has an average energy density smaller than
the (anisotropy) energy density K, of the uniformly in-
plane magnetized state, and much smaller than the (de-
magnetizing) energy density Kq = 2mM2 of the uniformly
magnetized perpendicular state [22].

Cobalt nanowires with diameters significantly larger
than ¢c.it, namely with ¢ > 100 nm, are characterised by
a strong perpendicular-to-axis uniaxial crystal anisotropy
that almost counterbalances shape anisotropy (K, =
Ki ~ —6x10% erg/cm3, Kq = 7M2 = 6.2 x 10° erg/cm?),
hence a @ factor close to unity. Although the wire geom-
etry differs considerably from that of a continuous film,
this rather high @ value seems a priori favourable to
the formation of parallel-to-wire stripe-like domains with
the magnetization oriented transversally along the crys-
tal easy axis, provided of course that the wire diame-
ter be sufficiently large for accommodating such multi-
domain magnetic structure. Simple energetic arguments
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Fig. 13. The magnetic energy per unit of cylinder length
of a long cylinder carrying a transverse uniaxial anisotropy
Ky = —6 x 10° erg/cm3 as a function of its diameter, for a
number of different domain patterns: transverse single-domain
(tSD) pattern, longitudinal single-domain (1SD) pattern, and
two-stripe (LS) pattern. Above ¢sp the LS pattern is more
favourable than the tSD and 1SD patterns which are almost
degenerated in energy.

can be developed to convince ourselves that such mag-
netic structure may be stable. Let us consider the simple
case of a magnetic cylinder with diameter ¢ and length
much larger than ¢, carrying a uniaxial perpendicular-to-
axis crystal anisotropy K,. The cylinder cross-section is
hypothetically subdivided into two transversally magne-
tized domains of opposite magnetization (M parallel to
the crystal easy axis) and equal volumes extending along
the whole cylinder length, i.e. two longitudinal stripes
(LS). These are separated by a 180° Bloch wall with en-
ergy ow = 4\/m per unit surface (A being the ex-
change stiffness constant), whose thickness is assumed to
be negligible compared to ¢. For simplicity, we shall con-
sider a fully flux-opened pattern associated with a zero
crystal energy, as sketched in Figure 13 (LS pattern).

Per unit of cylinder length, the total energy of this
domain structure is

Etot = Ow® + 7777Kd¢2/4 (4)

where 7 is the factor by which the average demagnetiz-
ing energy density of the longitudinal-stripe domain state
(nmM2) is lowered as compared to that of the uniformly
perpendicular-to-wire magnetized state (Kq = wM2). It
is beyond the scope of this paper to present a compre-
hensive calculation of the factor 7. Therefore, we shall
just mention the value of 7 = 0.40 computed by Ebels
and Buda [26]. Using this together with the exchange stiff-
ness of bulk cobalt A = 1.03 x 1076 erg/cm [27] and
the K, = K; of —6 x 105 erg/cm?® determined exper-
imentally (o, = 10 erg/cm?), we find indeed that for
cylinder diameters larger than ¢sp =~ 34 nm the LS
state has a lower energy than both the transverse single-
domain (tSD) state (eqor = TKq$?/4) and the longitudinal
single-domain (ISD) state (eyor = mK,$?/4), which are al-
most degenerated in energy (Fig. 13). One should however
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Fig. 14. AFM (a) and MFM (b) images of a 10 pm long, 150 nm thick Co nanowire after applying a transverse field of 1.3 T
(transverse remanent state). The bottom part of the wire is not shown as it could not be satisfactorily imaged because of the
presence of a large metal residue from the cathode Cu film. (c) Possible orientation of the transverse (M) and longitudinal (M)
magnetization components (see text for details). (d) Schematic representation of cylinder portions in the so-called “up/down”
and “down/up” longitudinal-stripe (LS) magnetic configurations.

emphasise that the validity of our model is somewhat ques-
tionable since the assumption we made of a thin domain
wall compared to the wire diameter is not valid through-
out the full diameter range considered in Figure 13; it
is especially not valid below and around ¢sp. Indeed,
the width of 180° walls in uniaxial crystals is known to
amount approximately to Wy, = wy/A/|K,|, that is W}, ~
13 nm in our case, which is only 3 times smaller than the
transition diameter ¢gp ~ 34 nm. A true micromagnetic
modelling would then be required to determine a correct
single-domain limit ¢gp. Nevertheless, our result concern-
ing the relative stability of the single-domain (tSD and
1SD) states and LS state holds true for larger diameters,
typically those such that ¢/Wy, > 10, which includes the
diameters of interest (¢ > 100 nm). Although not a case
described by the previous model, nanowires might also
subdivide into more than two stripes, for large enough di-
ameters. Moreover, since the ) factor has an intermediate
value (neither small nor very large), the magnetic ground
state in large diameter wires might resemble the Landau
model for thin films and also exhibit flux closure domains,
with magnetization perpendicular to the crystal easy axis.
None of these possibilities will however be further consid-
ered in the following.

In hep (0001) Co films with thickness in the range of
50 to 500 nm, a manifold of (meta-) stable patterns with
perpendicularly magnetized domains may be observed in
zero field depending on the magnetic history of the films
[24,28]: (i) intricate elongated bubbles are obtained after
saturation in a perpendicular-to-plane field, (ii) a maze
pattern of labyrinthine stripes is formed after demagne-
tization with a perpendicular alternating field, (iii) more
importantly, a regular pattern of parallel stripe domains is

generated by demagnetizing the film with an alternating
magnetic field applied in the film plane, the direction of
this field determining that of the stripes, and finally (iv) a
mixed pattern of bubbles and bands is obtained after sat-
uration in a field parallel to the film plane. Among these
patterns, it is generally admitted that the stripe pattern
whose formation was explained by Muller [29] is energet-
ically the more favourable in zero field and hence consti-
tutes the magnetic ground state [30].

The MFM images taken on Co nanowires with 100 nm
< ¢ < 200 nm (that is the range of large diameters to
which we restricted our MFM investigations) have not re-
vealed such a richness in the possible domain structures,
probably due to the one-dimensional-like geometry of the
samples. The most frequently observed kind of image is
shown in Figure 14b. This particular image was obtained
on a 150 nm thick, 10 ym long wire after saturation by
means of a transverse field (transverse remanent state).
However similar contrasts were also recorded after de-
magnetization with a transverse field (transverse demag-
netized states). One may first notice that, contrary to
the case of the small diameter wires described previously,
strong and complex contrasts are now visible all along the
wire length, which are magnetic in origin as they proved
to reverse upon reversal of the tip magnetization. These
are the signature of a large transverse component of the
magnetization. Besides, the wire image of Figure 14b ap-
pears as being made of several segments with block-wise
varying MFM contrasts. Inside each segment the contrasts
are qualitatively invariant upon translation along the wire
axis. When passing from one segment to the next the con-
trasts globally invert as can be seen from the alternation
of dark and bright contrasts along the sides and the top
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Fig. 15. AFM (a) and MFM (b) images of a 11.5 pum long, 120 nm thick wire fragment with well defined magnetic contrasts
interacting with other fragments of ill-defined contrasts close to its upper and lower ends. These images were recorded after
demagnetization by means of an alternating axial field of slowly decreasing amplitude (longitudinal demagnetized state). Inset
in (b): Zoom of the MFM contrasts in the region delineated by a circle.

generatrix of the cylinder. While two of the boundaries
between segments are clearly related to topographical fea-
tures, namely cracks or grain boundaries detectable in the
AFM image of Figure 14a (defects labelled D1 and D2),
most of them have no visible topographical counterparts.
Furthermore, the length of the segments ranges typically
from 0.5 to 1.5 um with a maximum in the length dis-
tribution at about 1 pum, as deduced from MFM observa-
tions of several wires. This is significantly smaller than the
length of the Co grains visualised by TEM, which is sev-
eral micrometers [17]. Therefore, it is believed that several
segments may emanate from a given single crystal region.
In the following, the word “segment” will be used indiffer-
ently to indicate a region of longitudinally invariant MFM
contrasts and the corresponding wire portion.

Although not always visible, monopolar-like contrasts
are sometimes detected which span the ends of the large
diameter wires (see top end of the wire of Fig. 14b). These
reveal that the magnetization may have a non-zero ax-
ial component. One might thus be tempted to associate
segments with regions of alternating axial magnetization
component. However, if this were the case, monopolar con-
trasts even stronger than the end contrasts should be sys-
tematically recorded at the segments boundaries, as is ob-
served for multi-domain wires of small diameters (Fig. 12).
This is not verified experimentally.

The MFM contrasts recorded after longitudinal satura-
tion or demagnetization (field applied along the wire axis)
qualitatively resemble those obtained after transverse sat-
uration or demagnetization. Indeed these exhibit the same
kind of “bamboo” structures seen in Figure 14b. A ma-
jor difference however exists in the length of the segments
observed. In the longitudinal demagnetized and remanent
states, segments are generally much longer (several mi-
crometers long). One single segment may even extend over
the full cylinder length. This can be seen in Figure 15
which shows the AFM (Fig. 15a) and MFM (Fig. 15b)
images of a 11.5 pum long, 120 nm thick wire fragment in
the longitudinal demagnetized state, interacting at its two
ends with other wire fragments of ill-defined MFM con-

trasts. In view of the lengths involved, the segments are
now most probably delineating single crystal regions. In
agreement with the structural characterisation by TEM,
we may reasonably assume that from one segment to the
next the c-axis rotates in a plane perpendicular to the wire
axis. Owing to this view, the wire fragment of Figure 15
appears as being essentially single crystal and, more im-
portant, the change of MFM contrasts from segment to
segment may be ascribed to a modification of the trans-
verse component of the magnetization, a contrast inver-
sion reflecting a reversal of the transverse magnetization
component.

In their study of similar electrodeposited cobalt
nanowires with diameters of the order of 80-90 nm,
Belliard et al. reported the same kind of segment struc-
tures as shown here[9]. These authors observed strong
dipolar end-contrasts after longitudinal saturation and
thus concluded that the magnetization had to remain
mostly axial in the studied wire fragments. They at-
tributed the change of MFM contrasts from segment to
segment (or grain to grain) to fluctuations in the magne-
tization distribution around the wire axis. The magnetic
pattern in the wires was finally described as being made
of a succession of cylindrical domains with the magneti-
zation at an angle from the wire axis, the axial magne-
tization component in each of these domains pointing in
the same direction (imposed by the saturating field), the
transverse component fluctuating from domain to domain
due to changes in the orientation of the c-axis (Fig. 5g in
Ref. [9]). To support this view and extract the orientation
of the off-axis magnetization, MFM contrasts across the
wires were fit assuming that segments were corresponding
to homogeneously magnetized wire portions[9)].

A similar fitting procedure based on equations (B.2)
and (B.10) was applied here with varying degrees of suc-
cess to densitometer traces along line scan perpendicu-
lar to the cylinders axis. The main adjustable parameters
were the effective lift height of the equivalent tip dipole
and the angle ¢ of the transverse magnetization compo-
nent with respect to the z axis. Moreover, the centre of
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Fig. 16. (a—c) MFM contrasts across segments (a) S1, (b) S2
and (c) S3 in Figure 14(b) (open circle) and fits to the experi-
mental data (thick solid line) assuming segments with homoge-
neous transverse magnetization component. (d—f) Orientation
of the transverse magnetization component in segments (d) S1,
(e) S2 and (f) S3 as deduced from the fit. The solid lines indi-
cate the trajectories of the equivalent tip dipole (see text for
details).

the cylinder was allowed to be slightly displaced (a few
nanometers) with respect to the symmetry plane of the
tip trajectory to account for a possible asymmetry in the
thickness of the polycarbonate redeposit along the wire
sides. Let us first consider the MFM contrasts within the
three segments (labelled S1 to S3 from top to bottom)
contained in the region extending from a short distance
to the top end of the wire of Figure 14b to what was pre-
viously identified as a first crystal defect (D1 in Fig. 14b),
a region which we suspect is single crystal. Densitometer
traces across these segments and fits to the experimental
data are shown in Figure 16a—c. Although quantitative ac-
curate fits could not always be obtained, all of the main
features discernible along the traces are reproduced. As
suggested earlier in this paper and emphasised by Belliard
and co-workers, it is only when using realistic probe tra-
jectories, hence taking into account the sample topogra-
phy parameterised with equation 3 (H ~ 150 nm, 2L ~
290 nm, n = 4 or 6), that one is able to match the “ex-
trinsic” narrow peak contrasts appearing on the sides of
the wire. The orientation of the transverse magnetization
component in each of the three wire segments as deduced
from the fitting procedure is indicated in Figure 16d-f.

It is noteworthy that the two extreme segments S1 and
S3 have their off-axis magnetization components almost
parallel (o1 = 141°, 3 = 145°) while the transverse mag-
netization in the intermediate segment S2 has a nearly
opposite orientation (¢2 = —32°). This observation pro-
vides a strong indication that the orientation of the c-axis
is the same in all three segments. The region investigated
is then very likely single crystal, as suspected. The same
conclusion may be drawn from the fit (not reported here)
of densitometer traces across the two segments (labelled
S4 and S5) located between D1 and D2 (Fig. 14): These
two segments also seem to have antiparallel transverse
magnetization components (pg = —5° ¢5 = 178°) and
thus probably belong to the same crystal grain. Note that
this conclusion could have been reached without fitting
the MFM profiles but simply by noticing that the con-
trasts almost perfectly invert from one segment to the next
(Fig. 16a—c). Therefore it does not necessarily rely upon
the assumption we made up to now of homogeneously
magnetized segments. As a summary, a possible magne-
tization distribution within the five topmost segments of
the wire of Figure 14b is sketched in Figure 14c, which for
its part relies on the assumption of homogeneously mag-
netized segments. The orientation of the transverse mag-
netization component (M) was deduced from our fitting
procedure. The direction of the longitudinal component
(M),) was inferred from the monopolar-like contrasts visi-
ble at the wire top end (bright contrast) and at the loca-
tion of defects D1 (double dark contrast) and D2 (bright
contrast). Note that the existence of a weak longitudinal
magnetization component is consistent with a slight mis-
alignment of the crystal easy axis with respect to the wire
normal, as that shown in Figure 4c.

The fact that region A (segments 1, 2 and 3) and region
B (segments 4 and 5) have opposite longitudinal magne-
tization components after transverse saturation may be
readily explained using the same argument as the one
given to account for the domain structures observed in
small diameter wires brought to the transverse remanent
state (Sect. 5.2.1): A truly transverse field does not favour
any of the two longitudinal directions. Hence, when reduc-
ing the applied field, the magnetization may rotate indif-
ferently towards any of these two directions. The fact that
single crystal regions several micrometers long, such as re-
gions A and B, seem to split into homogeneously magne-
tized cylindrical domains of average length 1 ym and al-
ternating transverse magnetization component (Fig. 14c)
is more puzzling. Indeed, as the field is decreased, the
transverse magnetization component is rather expected
to rotate as a whole towards that of the two directions
colinear to the c-axis which is the closest to the field di-
rection (considering the general case where H is not par-
allel to c¢). A gain in demagnetizing energy following the
splitting in domains may of course be invoked as an ex-
planation. However, given the length of the segments, this
gain is expected to be small, very likely smaller than the
increase in magnetic energy due to the introduction of do-
main walls between segments. Another possible explana-
tion is that the transverse saturating field, applied prior
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Fig. 17. (a, ¢) MFM contrasts across the wire fragment of
Figure 15 (open circle). The thick solid lines are: (a) a fit
to the experimental data assuming a homogeneous transverse
magnetization component as sketched in (b), (¢) a simulation
assuming the magnetization distribution sketched in (d).

to the membrane dissolution at an unknown angle, was
by chance oriented perpendicular to the crystal easy axis
so that none of the two transverse directions colinear to
c was favoured as the field was turned off and domains
with the two transverse orientations could form. However,
how could the field have been applied perpendicular to the
c-axes of grains A and B while these axes are seemingly
oriented 30° apart from each other (compare ¢, and ¢s5)?

Let us now concentrate on the longitudinally invari-
ant MFM contrasts recorded on the single-crystal wire
fragment of Figure 15b. These contrasts qualitatively re-
semble those of segments 1 and 3 in Figure 14b. In the
present case, the absence of discernible monopolar end
contrasts, especially at the bottom end of the fragment
a small part of which only is hidden by a neighbouring
fragment, indicates that the magnetization is mostly ori-
ented perpendicular to the cylinder axis. A densitometer
trace across the discussed contrasts is shown in Figure 17a.
Here again a fit based on equations (B.2) and (B.10) and
including a realistic tip trajectory (H = 130 nm, 2L ~
260 nm, n = 4) allows to reproduce well, though not
perfectly, the main experimental features. The orienta-
tion of the transverse magnetization component as de-
duced from the fitting procedure is indicated in Figure 17b
(p = 147°). MFM contrasts thus seem to support the idea
of a single domain mostly transversally magnetized wire
fragment. However, energetic arguments developed earlier
have shown that such a magnetic pattern (tSD pattern
in Fig. 13) is significantly less stable than that consist-
ing of two parallel-to-wire stripes of opposite transverse
magnetization (LS pattern in Fig. 13). Furthermore, the
magnetic image of Figure 15b was obtained after demag-
netization by means of an axial field. If one notes that in
hep (0001) Co thin films an analogous demagnetization

procedure (with H L c) leads to the formation of perpen-
dicularly magnetized stripe domains extending along the
direction of the demagnetizing field, one may be tempted,
by analogy, to associate the observed longitudinally in-
variant contrasts to the LS magnetic pattern of Figure 13.

In order to put this possibility to the test and compute
the MFM response expected for the LS magnetization con-
figuration, we developed also a purely numerical approach
(as opposed to the analytical approach used so far, see
Appendix B). It is similar to the one used by Wadas to
calculate the magnetic forces experienced by a magnetic
tip during MFM experiments [31]. In this approach, the
magnetized cylinder (magnetization M) is subdivided into
cubic finite elements whose edge d is much smaller than
the cylinder diameter ¢ so as to ensure a fairly smooth
surface of the discretized wire. Each of the cubic elements
is located at a nod of a simple cubic three-dimensional
mesh with position vector r;j;; and is assumed to contain
a point magnetic moment p;;. Its contribution to the to-
tal stray field H emanating from the cylinder is given by
the classical expression for the field generated by a point
dipole

Hijk

i = Slign - (r —rijp)] (r = rije)
- 3
Ir —riji

v —ryl’

()

withr = 2X+y§ +22, rijp = d (X + j§ + kz) and pji =
Md3 (X + Bijk¥ + VijkZ), where i, j and k are integers
and ik, Bijr and 7, are the direction cosines of the
magnetic moment p;;;, with respect to the =, y and z axes.
The magnetic force gradient experienced by the probing
tip is obtained by adding the contributions from all finite
elements which contain a magnetic moment that interacts
effectively with the equivalent magnetic moment of the tip
m. Thus, under the assumptions listed in Appendix B, the
magnetic force derivative (Eq. (B.2)) takes the form

0? (Hiji - 2)
Flag =M Z .2 (6)
i,5.k
from which it comes
9Vijk

B = mM Y :
ik [(x—z’d)2+(y—jd)2 + (z—kdﬂ :
45 oy (—id)+ Bijr (y—jd) +27i5x (2 —kd)] (2 —kd)
((z—id)*+(y—jd)” + (== ka)’]
4 105 favijk (w—id) + Bigk (y—Jd) +yign (Z*kdg)] (z—kd)*
[(x—id)2+(y—jd)2 + (z—kdﬂ :

(7)

In an attempt to simulate the MFM contrasts of
Figure 15b, calculations with d = ¢/51 (=25 < j, k < 25,
j2 + k% < 25?) were performed in which the integration
along the wire axis (X axis) was restricted to the finite
elements such that —100 < 4 < 100. Taking into account
elements with |¢| > 100 proved to have negligible influence
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Fig. 18.
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(a) High resolution MFM image of a portion of a Co nanowire, 150 nm in diameter, in a virgin magnetic state.

The strong difference in the MFM contrasts observed on the top and bottom parts of this wire reflects a deep change in the
magnetization distribution. (b, ¢) Possible domain structures in (b) the top part and (c) the bottom part of the wire imaged

in (a).

on the computed MFM signal. Figure 17c compares the
experimental data with a rather successful simulation cor-
responding to the situation depicted in Figure 17d (mag-
netization in the stripe domains oriented at —45° and 135°
from the Z axis). Although the amplitudes of the two in-
nermost peak contrasts are not matched, the large dif-
ference in the width of these peaks of comparable height
and, more important, the particular shape of the MFM
profile around y — y. = 0 are remarkably well reproduced
(with regard to the simplicity of the model), as are also
the shape and the amplitude of the side contrasts. More-
over, other simulations not shown here were made in which
the amplitudes of the central peak contrasts were better
matched but their shapes not so accurately fit. Thus, both
of the simple models used to simulate the MFM contrasts
of Figure 15b allow to reproduce the experimental data
with a certain accuracy. This highlights the difficulty to
distinguish the tSD and LS magnetic patterns from MFM
experiments.

Before concluding about the segment images, we shall
mention that peculiar MFM contrasts were sometimes ob-
served on Co nanowires with large diameters in a virgin
magnetic state, which could not be re-observed after a
magnetic field of significant amplitude was applied. The
image of Figure 18a shows such contrasts, obtained on a
portion of a 150 nm thick wire. While the bottom part of
it presents the same kind of longitudinally invariant con-
trast as discussed before (segment), the top part reveals
a rapid alternation of pairs of diametrically opposed dark
and bright contrasts along the wire. These contrasts are
qualitatively periodic with a period of 2Wey, 2~ 200 nm. It
is believed that they correspond to a magnetic configura-
tion (labeled TS) made of short cylindrical domains with
antiparallel transverse magnetization (M || c¢) (Fig. 18b).
To keep on drawing a parallel with magnetic domain struc-
tures in hep (0001) Co films, these would be equivalent to
stripe domains extending transversally. To justify the ex-
istence of such a magnetic configuration it is noted that
the longitudinal extension of the domains Wy, ~ 100 nm,
i.e. the width of the stripes, is sufficiently small here so
that a very strong reduction of demagnetizing energy is

expected to be realised in comparison with the transverse
single-domain (tSD) state.

Moreover, three dimensional finite element calcula-
tions [32], considering a magnetic bar carrying a transverse
crystal anisotropy K, = —6 x 10% erg/cm?, are currently
in progress, which have already shown that, for bar di-
mensions close to those of our cylindrical wires, the TS
pattern is indeed the state of lowest magnetic energy as
compared to all the other magnetic configurations (tSD,
ISD, LS) considered in this work[26]. Assuming a do-
main wall energy of o, = 16 erg/cm?, a domain width
of Wear = (100 £ 2) nm has been found to minimise the
total energy of the TS configuration, in excellent agree-
ment with the present observations. This result does not
support the idea that the segment images of Figure 14b
may correspond to cylindrical domains of alternating ho-
mogeneous transverse magnetization since these segments
have a length of the order of 1 pm, that is much larger
than Weal ™ Weyp. Indeed, why would the width of the
transversally magnetized domains vary so strongly from
wire to wire, or from one region to another in a given
wire (see Fig. 18a)? Interestingly, the finite element cal-
culations have also shown that the TS and LS configu-
rations have almost equal magnetic energies, though, as
mentioned before, the TS state appears as the state of
lowest energy. This may explain why these two configura-
tions are seemingly coexisting in the wire of Figure 18a.
However, it is not yet understood why the TS configura-
tion was only observed in nanowires in a virgin magnetic
state.

To summarise, segment images (Fig. 14b) might well
correspond to cylindrical domains of homogeneous trans-
verse magnetization component, as suggested by Belliard
et al.[9] from their study of similar Co nanowires with
¢ = 80—90 nm. However, when applied to nanowires with
100 nm < ¢ < 200 nm, this interpretation raises ques-
tions to which answers have not been found yet. Segments
might also correspond to cylinder portions split into two
stripe-like domains of opposite transverse magnetization
component, which seems energetically more favourable, at
least for ¢ > 100 nm, and is therefore the interpretation



50 The European Physical Journal B

favoured by the authors. This second interpretation offers
the advantage of giving a satisfactory answer to the ques-
tion as to why several segments of inverse MFM contrasts
may coexist in a single crystal wire region after trans-
verse saturation. In this case indeed, an inversion of con-
trasts from one segment to the next (Fig. 16a—c), would
indicate a transition from a wire portion with stripe do-
mains oriented “up/down” to a wire portion with stripe
domains oriented “down/up” (Fig. 14d). These two con-
figurations are intrinsically equivalent whatever the orien-
tation of the transverse field applied previously. Therefore
they are equally likely to occur in zero field and single
crystal regions may reasonably split into segments with
alternating LS magnetic configuration. We wish to em-
phasize that the conclusion of the present study and the
conclusion of the work of reference [9] are not necessarily
contradictory as the range of wire diameters investigated
in the two cases are different. It might even be the case
that both of them are correct and that the ground state
magnetic configuration changes from tSD-like to LS-like
at ¢ ~ 100 nm. Whatever interpretation is correct, the
MFM observations confirm that, as the external field is
reduced, domains form in large diameter Co nanowires,
in which the magnetization has a strong transverse com-
ponent, a result already suggested by the analysis of low
field magnetic torque curves.

6 Conclusion

Cobalt cylindrical nanowires with length of 10 or 20 pm
and diameters ¢ in the range of 30 to 450 nm were grown
by electrodeposition in the pores of track-etched polymer
membranes. These are made of large crystal grains of hcp
structure extending transversally across the full wire di-
ameter and longitudinally over several micrometers. As
the wire diameter is reduced below ¢y =~ 50 nm the
preferential orientation of the crystal easy axis of magne-
tization (c-axis) changes from perpendicular to parallel to
the wire axis. This was shown to determine the zero field
magnetic domain structure forming in the nanowires.

For small diameters (¢ < ¢crit), both shape anisotropy
and magnetocrystalline anisotropy favour an alignment of
the magnetization along the wire axis. As a consequence,
the magnetization is mostly oriented longitudinally and a
single domain structure can be realised after applying a
saturating magnetic field parallel to the wire. After the
application of a transverse saturating field, the magnetic
configuration consists of a succession of longitudinally
magnetized antiparallel domains, whose number may vary
between two and ten (typically, in 10 pum long wires). Due
to the severe lateral confinement of the magnetization,
these domains are forced to meet head-on. Hence, the sep-
arating domain walls carry a large amount of magnetic
charges. It is noteworthy that such a domain geometry
is highly favourable to the observation of a domain wall
magnetoresistance (DW-MR) effect. Indeed, provided that
the external field be applied along the wire axis, no par-
asitic MR effect such as anisotropic magnetoresistance is
expected to show up here [33].

In nanowires with large diameters (¢ > ¢eit), & lon-
gitudinal single domain state cannot be achieved in zero
field, although the very elongated shape of the objects
favours such a magnetic configuration. Instead, complex
multidomain patterns always form in zero field, in which
the domain magnetization has a strong transverse compo-
nent. This results from a competition between the shape
anisotropy and the magnetocrystalline anisotropy which
tends to align the magnetization normal (or almost nor-
mal) to the wire axis. On the basis of energetic arguments
and considering the strong similarity that exists between
these cobalt nanowires and thin cobalt films with strong
out-of-plane crystal anisotropy it was further suggested
that, for 100 nm < ¢ < 200 nm, the zero field domain
structures generally consist of a succession of cylinder por-
tions containing two parallel-to-wire stripe-like domains
with opposite transverse magnetization component.

Finally, the origin of the change of crystallographic
texture of Co as the wire diameter is varied is left as an
opened question. It may be related to a local increase of
pH in the pores of smaller diameter, were the Boric acid
could not fully play its buffering action. Indeed, it is well
known that variations of pH can strongly affect the crys-
tallographic properties of plated Co films [15]. However,
no firm conclusion can be drawn yet in the case of our Co
nanowires.
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Appendix A: Principle of the magnetic force
microscopy in the tapping/lift™ mode

In the tapping/lift”™ interlace technique developed by
Digital Instruments, the microscope is operated in a non-
contact, ac detection mode. Then, such a detection tech-
nique yields a signal related to the derivative of the force
acting the probing tip F/ = A - V(i - F), where fi is
a unit vector perpendicular to the cantilever that sup-
ports the tip [21]. This particular technique allows dis-
entangling the topographical and magnetic data and to
collect both kinds of information during the same image
acquisition, making easy the correlation of the magnetic
data with topographical features. Magnetic interactions
are separated from topographical interactions using a two-
pass scanning method [34]. During the first pass, the os-
cillating tip, which flies very near to the sample surface,
is mainly subjected to short range Van der Waals forces
hence images the surface topography. During the second
pass, the tip-sample distance is increased by some prepro-
grammed amount (typically 15 to 50 nm for the reported
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experiments), chosen so that the lifted tip be then pre-
dominantly subjected to long range magnetic forces due
to dipolar interactions between the tip magnetization and
the stray field emanating from the specimen. The tip is
driven along a trajectory that mimics precisely the sample
topography measured during the first pass. The recorded
signal then consists of the variation of the magnetic force
gradient at constant height above the specimen surface.

Appendix B: Modelling of the MFM response

One simple but very instructive approximation that we
used for modelling the MFM response of the nanowires is
to assume that the probing tip consists of a point dipole
with effective magnetic moment m. In this case, the mag-
netic force acting on the tip follows the equation

Frag = V(m - h) (B.1)
where h is the stray field from the sample under investi-
gation. If, as is usual and was always the case for the re-
ported MFM experiments, the cantilever is vibrated along
the z axis perpendicular to the x — y plane in which the
flat substrate supporting the sample lies (i = 2) and if
the effective magnetic moment of the tip is oriented along
the £z direction (m, = m, = 0,m, = £m), the magnetic
force derivative to which the MFM response is propor-
tional reads

0?h, .

!
+
mn 0z2

Thus, the MFM response is simply proportional to the
second derivative with respect to the z coordinate of the
vertical component of the stray field produced by the sam-
ple at the tip location [21]. It should be emphasised that
this approach is only valid under the additional assump-
tion that the stray field from the sample is not sufficient
to alter the magnetization in the tip and that, conversely,
the stray field from the tip has no significant effect on
the magnetization distribution within the sample. We be-
lieve that this is the case for the magnetically hard tips
used and the highly anisotropic and coercive Co nanowires
studied.

Analytical expressions for the z component of the stray
field generated by a uniformly magnetized straight cylinder
of radius R and the revolution axis of which is parallel to
the X direction can be obtained in two particular cases
which are relevant in the present study.

(i) We first consider the case of a longitudinally magne-
tized cylinder (magnetization M parallel to X) of fi-
nite length L. For such a cylinder, the stray field can
be regarded as the superposition of the magnetic fields
created by two discs having 0 = +M and ¢ = —M
as surface pole densities, which correspond to the two
circular end faces of the cylinder (Fig. 19a). According
to literature [35], the z or radial component of the field
from a disc with diameter R, perpendicular to the X

(@) z

Fig. 19. (a) Magnetic charges with surface densities o = +M
and 0 = —M on the end faces of a longitudinally magnetized
cylinder (M || %). (b) The angles for the calculation of the
stray field generated by an infinite transversally magnetized
cylinder (M in the y — z plane).

direction, centred at x = z¢ and having a uniform

surface pole density of o is

SE.

= oz |- ?) K(k) — E(k)}

4Rz
ith k2=
Wi (R+2)% + (z — 20)2

(B.3)

where K (k) and E(k) are the complete elliptic inte-
grals of first and second kind respectively, which may
be differentiated to give

& B K

dk  kQ1-k2) &

dE¢ EF K

TR R (B4)

Using equations (B.4), the second derivative of h, with
respect to z can be calculated and expressed in terms
of elliptic integrals as

O () [ARK () + A E(R)

- (B.5)
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with
A 5 [R?+(z—m0)?]
K = 1
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Applying these to two discs with o = £M located at
xo = £L/2, the stray field from an axially magnetized
cylinder and its second derivative can be readily cal-
culated.

The second case that we consider is that of an infinitely
long transversally magnetized cylinder [36] (magneti-
zation M perpendicular to %X). For such cylinder, the
general electromagnetic theory predicts that the ex-
ternal field is equivalent to that of a transversally ori-
ented “line dipole” extending along the cylinder axis.
Then, one may show that it is also equivalent to the
field created by two parallel infinite lines of pole den-
sities p = £SM/J per unit length (S = 7R? being
the cylinder sectional area) separated by a distance &
along the transverse direction t = M/M, in the limit
& — 0. Starting from the well-known expression of the
scalar potential for such two lines, V' = 2|p|log(r/r’)
with r/ = r/ + §t, and working out the limit § — 0,
as is done in reference [37], leads to the following ex-
pressions for the components of h = —VV respec-
tively parallel (radial component) and perpendicular
to r (tangential component),

sinw
€n
r2

(B.8)

h, = 20R*M 28, hy = —27R*M
r

where, referring to Figure 19b, w is the angle between
the magnetization M and the position vector r normal
to the cylinder axis. From these relations, one can eas-
ily derive that the z component of the stray field and
its second derivative with respect to z are respectively

2 2
22—
Y 5 COS @ +

h, =27R?M | =—2
(y? + 22)

72?” sin
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and
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Z — 127R*M
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(B.10)

where ¢ is the angle between the cylinder magnetiza-
tion M and the Z axis, ¢ being chosen as clockwise
positive.

Appendix C: Role of the sample topography
in the MFM imaging

The use of the tapping/lift” method for recording MFM
images on samples having sharp topographical features,
rather than a simpler method where the probing tip would
fly along an horizontal trajectory (at constant z), may
have in some cases major consequences on the observed
magnetic contrasts. In order to illustrate this point, very
important for the present study, and to demonstrate the
role of the sample topography in the MFM imaging, a
role often unrecognized, the MFM contrasts arising from
an infinitely long wire with radius R and uniform trans-
verse magnetization were simulated, using equations (B.2)
and (B.10). For these simulations, the tip magnetization
m was oriented along the —2 direction and the angle ¢ of
the wire magnetization M was set to 90 degrees (M || §).
Notice that, due to the infinite length of the magnetic
cylinder, the calculated MFM contrasts are naturally in-
variant upon translation along the cylinder axis.

Figures 20b and 20c show respectively the MFM im-
age and a densitometer trace along a line scan perpen-
dicular to the cylinder axis computed in the case of an
unrealistic “constant z” trajectory (Fig. 20a). Here, the
MFM response mainly consists of two broad contrasts of
opposite polarities which may be viewed as a mapping of
the diametrically opposed negative and positive surface
pole distributions associated with the transverse magne-
tization. However, as the tip was “numerically flown” at
a fair distance above the cylinder, these contrasts natu-
rally extend well beyond the region containing the cylin-
der (—R < y < R). If a more realistic probe trajectory
is used in the computation (Fig. 20d), additional narrow
peak contrasts may appear along the sides of the cylinder.
This is clearly shown in Figures 20e and 20f which present
results obtained in the case of a strongly non-rectilinear
trajectory. This trajectory was built by convoluting the
cylinder sectional shape with a tip-apex shape consisting
of a vertically elongated half-ellipse and by translating
vertically the resulting topographical profile by a certain
amount, as is done in the tapping/lift”™ method. One
trivial though valid argument to explain the substantial
differences in the MFM contrasts calculated for the two
kinds of tip trajectories (realistic and unrealistic) consists
in saying that the stray field from the magnetized body
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Fig. 20. (b, e) Theoretical MFM images and (c, f) contrast
profiles along line scans perpendicular to the cylinder axis com-
puted for an infinite transversally magnetized straight cylinder
with radius R parallel to X (M || ). Two kinds of tip trajecto-
ries were considered: (a—c) Unrealistic “constant z” trajectory,
(d—f) realistic trajectory. The dashed line in (d) is the topo-
graphical profile from which the realistic tip trajectory was
deduced by translation along Zz.

is not probed at the same locations in the two cases. Fur-
thermore, these differences may be accounted for qualita-
tively by examining how the trajectories cross the stray
field lines associated with the magnetized cylinder. For
an infinite transversally magnetized cylindrical wire, the
stray field lines are circles tangential to the magnetization
vector [38], as sketched in Figure 21. As the tip is moved
along a realistic trajectory and travels up or down the
cylinder flanks, it is subjected to rapid changes in stray
field, hence in magnetic force, as revealed by the large
density of field lines that are crossed in the vicinity of
the cylinder sides. Thus, strong MFM contrasts may be
recorded, which are either absent or proportionally much
less pronounced when the tip is flown along a rectilinear
trajectory, not probing the stray field in a so tight manner
around the cylinder. Notice that the occurrence of addi-
tional side contrasts is not restricted to the particular ge-
ometry chosen for our simulations (M || ). Although less

Fig. 21. Schematic of the stray field lines from an infinite
transversally magnetized cylinder (M || §). These are circles
tangential to the magnetization vector and having radii in-
versely proportional to n, n being integer. Also shown are the
realistic and unrealistic tip trajectories considered in Figure 20
(thick solid lines).

R

(a) R/ | (b)
L T

Fig. 22. Geometry considered to evaluate the effect of tip
geometrical hindrance on the half-height width (2L) of the to-
pographical section profiles measured by AFM on nanowires:
(a) Ratio of wire (R) to tip apex (r) radii smaller than
(1/sina — 1), (b) R/r larger than (1/sina — 1).

pronounced as the angle ¢ tends towards zero (M || 2),
this effect may indeed occur whatever the angle of the
cylinder magnetisation.

In conclusion, the interpretation of MFM contrasts
recorded in the lift mode on samples having sharp topo-
graphical features may require to take into account the
exact trajectory of the magnetic probe. Furthermore, in
the presence of additional side contrasts, a MFM image
may no longer be seen as a simple mapping of the mag-
netic charges in the sample.

Appendix D: Effect of the tip geometrical
hindrance on the topographical profiles

The effect of tip geometrical hindrance, sketched in
Figure 22, is intrinsic to most scanning force microscopy
techniques. It may only be considered as negligible when
the size of the probe is much smaller than that of the
topographical features to be imaged. If this condition is
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not fulfilled, sharp features of the sample surface, as our
nanowires, can act as imaging protrusions so that the to-
pographical profiles reflect to a certain extent the shape
of the probe rather than that of the samples[39]. Such a
geometrical effect limiting the spatial resolution and giv-
ing rise to an apparent broadening of the sample features
unavoidably occurs in the case of our nanowires since the
curvature radii of the tips used are in the range of 30 to
50 nm (according to the manufacturer), that is compara-
ble to the lateral size of the nanowires.

Assuming the simple tip-sample geometry outlined in
Figure 22, an expression for the half-height width of the
topographical profile may be obtained, which depends
on the ratio of the wire (R = ¢/2) to tip apex (r) radii.
If R/r is smaller than (1/sina — 1) (Fig. 22a), it is the
hemispherical apex of the tip that is in “contact” with the
sample when the tip is located at y — y. = £L (Fig. 22a).
Then, 2L reads

2L = 2¢/R? + 2rR. (D.1)

If, on the contrary, R/r is larger than (1/sina — 1)
(Fig. 22b), it is one of the flat faces of the square-based
pyramidal tip that is in “contact” with the wire (Fig. 22b)
and 2L is given by

2 o
oL — 9 1+tan2(a/2) R42 1—sina .
1 —tan®(a/2) cos a

(D.2)

The intrinsic lateral broadening of the topographical
profiles across the nanowires was estimated using these
two equations. The shaded area in Figure 10e shows what
the profile half-height width would be for a = 17° (man-
ufacturer’s data) and tip apex radii ranging between 30
to 50 nm if the tip geometrical hindrance were the only
source of broadening. It is clear from Figure 10e that a
significant part but not the whole broadening of the wire
profiles may be attributed to intrinsic geometrical effects
(see Sect. 5.1).
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