i+l

NRC Publications Archive
Archives des publications du CNRC

Statistical study of effective anisotropy field in ordered ferromagnetic
nanowire arrays

Zhao, S.; Clime, L.; Chan, K.; Normandin, F.; Roberge, H.; Yelon, A;;
Cochrane, R. W.; Veres, T.

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de l'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOI ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.1166/jnn.2007.024
Journal of Nanoscience and Nanotechnology, 7, 1, pp. 1-6, 2007-01-01

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=2c337bde-c741-4e4d-add2-a92285b6c10s¢
https://publications-cnrc.canada.ca/fra/voir/objet/?id=2c337bde-c741-4e4d-add2-a92285b6c10a

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’acces a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la

premiere page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

National Research  Conseil national de C dl*l
Council Canada recherches Canada ana, a



Copyright © 2007 American Scientific Publishers
All rights reserved
Printed in the United States of America

IM] CC3-1/ Qb g
CNVR ( 9941

Journal of
Nanoscience and Nanotechnology
Vol. 7, 1-6, 2007

Statistical Study of Effective Anisotropy Field
in Ordered Ferromagnetic Nanowire Arrays

S. Zhao'-2, L. Clime'2, K. Chan'.3, F. Normandin', H. Roberge’, A. Yelon?,
R. W. Cochrane?, and T. Veres'-*

VNRC, Industrial Material Institute, 75 Boul, de Mortagne, Boucherville, Canada J4B 6Y4
2fcole Pofytechnique de Montréal, Département de génie physique and Regroupement guébécois sur les
matériaux de pointe (RQMP), CP 6079, succursale Gentre-ville, Montréal, Québec, H3C 3A7, Canada
3Simon Fraser University, 8888 University Drive, Burnaby, B.C. Canada. V5A 156
4 Département de physique, Université de Montréal, and Regroupement québécois sur les matériaux
de pointe (ROMP), CP 6128, succ. Centre-ville, Montréal, Québec, H3C 3J7, Canada

Soft ferromagnetic nanowire arrays were obtained by electrodeposition of Co—Fe-P alloy into the
pores of high quality home-made anodized aluminum oxide (AAO) templates. Bath acidity and
current density were the two parameters used in order to tailor the orientation of local anisotropy
axes in individual nanowires. In order to quantify the influence of the induced anisotropies on the
magnetization processes in individual nanowires, the in-plane magnetization loops of the arrays are
modeled as log-nermal distributions of Stoner-Wohlfarth transverse magnetization processes. Using
the lognormal mean parameter as an approximation for the saturation applied field of the array, we
compute the effective anisotropy of the nanowires, which is found to decrease with the pH of the

electrodeposition bath,

Keywords: Magnetic Nanostructures, Ferromagnetic Nanowires, Nanowire Arrays, Lognormal
Distribution, Anisotrapy Field, Electrodeposition

1. INTRODUCTION

Arrays of ferromagnetic nanowires are of great technolog-
ical interest and have become very promising systems for
the design of high-density perpendicular recording media,
logic gatcs, and magnetic sensors. These arrays may be
readily fabricated by electrodeposition of Co, Ni, Fe or
their alloys into the pores of various types of templates.'’
Zero magnetostrictive compositions and high saturation
magnelic inductions of Co-Fe-P alloys® open significant
opportunities for these materials in ultra-high-density
magnetic recording media and various nanotechnological
applications such as high frequency metamaterials or sen-
sors. Among the various methods used in preparing of
these nanowire arrays, the electrodeposition of magnetic
materials in nanoporous host templates is a very conve-
nient approach for producing large arrays of parallel and
almost identical nanowires.” Along with the geometry of
the arrays, the magnetocrystalline anisotropy of the ferro-
magnetic materials may play a very important role in the
magnetization reversal of individual nanowires. Accurate
micromagnetic simulations®!'! have demonstrated that the
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crystalline structure of Ni and Fe is not important in the
static magnetization processes of nanowire arrays, whereas
various experimental studies™ '>'* demonstrated the strong
influence of the magneiocrystalline axes (MCA) orienta-
tion en the magnetization processes in Co-based nano-
structures. Moreover, experimental evaluations of MCA
distributions by ferromagnetic resonance experiments with
electrodeposited Co nanowires' have revealed a strong
dependence of the magneto-crystalline anisotropy on the
bath acidity (pH}, this last parameter being widely used
for tailoring the c-axis orientation in these systems.!

We present below a method for obtaining large scale,
high quality, CoFeP amorphous nanowire arrays. We use
this system to develop and test a statistical approach to the
identification of local anisotropy distributions in nanowires
using the in-plane magnetization loops of theirs arrays.
With the assumption of a log-normal distribution of aniso-
tropy, we estimale the average saturation field of individual
nanowires and consequently the average anisotropy field,
h,, using a model for the interaction field at saturation.'
The main feature of this medel is that it does not require
accurate information about the inter-wire spacings and it
does not need the saturation magnetization or moment at
all.’* However, in order to distinguish between geometrical
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demagnetizing anisotropy ficlds of individual nanowires,
M. /2, and local intrinsic anisotropy -of the ferromag-
netic material such as magneto-crystalline or magnetosiric-
tive, accurate values for the saturation magnetization are
needed. We apply this approach to CoFeP nanowire arrays
with different P content, prepared by electrodeposition into
the pores of anodized aluminum oxide (AAO) membranes
made in our laboratory. We present the dependence of
the P content of the ferromagnetic alloy and the aver-
age anisotropy field of individual nanowires on the bath
acidity.

2. EXPERIMENTAL SETUP

AAQ films were synthesized using the two-step anodization
method (0.3 M oxalic acid, 40 V) developed by Masuda and
Fukuda.'® Al 99.999% 0.50 mm foils (Goodfellow Cam-
bridge Ltd.) were first degreased with acetone, etched in
1.0 M NaOH(aq) for about 1 min until bubbles over the sur-
face were observed, and then electropolished in a mixture
of C,H;OH and HCIO, (3 :1 v/v). All AAO films were
subjected to a first anodization for 4 hours, followed by
the dissolution of the oxide layer in a phosphocromic acid
solution (6%H;PO, + 1.8%H,Cr0O, aqueous solution), and
finally by a second anodization for 1 day. The anodization
was carrted out at 1 °C, with temperature controlled by a

‘cool plate (Stir-Kool SK-12D). A pure Pt foil was used as

a cathode. The AAO film was then detached from the Al

‘substrate, by applying a brief voltage pulse in a bath of

a 1:1 (v/v) mixture of 2,3-butanedione (CH,CO), (98%)

- and HCIO(aq.) (70%)." In this way, an open-through
~"AAQO film was obtained with the initial morphology. It is

very important to rinse the sample thoroughly with ace-
tone immediately after this step, because the residue from
the detachment step, if left on the template for a period of
time, scems to affect the adhcsion of the electrode layer
that needs to be sputtered or evaporated,

Nanowires were grown in the AAO templates using BC
electrodeposition.” A 450 nm Ag film was sputtered onto
the back of the open-through template as the working elec-
trode. Where low pH plating baths were used, a 10 nm
Ti adhesion layer was first evaporated onto the membrane,
followed by an additional 450 nm layer of Ag, both at
a 30° angle of incidence. To assure that plating occurred
only within the pores of the AAO membrane, at least 2 lay-
ers of photoresist (S-1805) were painted on the back and
edges of the sample and its solvent evaporated at 200 °C,
All plating took place at room temperature in a two-
electrode plating cell, with Pt foil as a counterelectrode.
After plating, the photoresist layer was rinsed away with
acetone. The CoFeP nanowires were electrochemically
deposited at a voltage of 2.6 V for various times, from an
electrolyte consisting of CoSO,-7H,0 (112g/1), FeSO,-
7H,0(28g/1), NaH,PO, -H,0(22g/1}, H,BO,-2H,0(47g/),
Na,C,H;0, (Sodium Citrate)21g/1). For Scanning Electron
Microscopy (SEM) characterization (Hitachi S-4700) the

2

tcmplates were partially dissolved in 1.0 M NaOH(aq) for
~10 min. Energy Dispersive X-Ray (EDX, Bruker AXS)
and X-ray Diffraction {XRD, D8-Discover) measurements
were employed in order to study the morphology and
the composition of the clectrodeposited alloy. A Quantum
Design Physical Property Measurement System (PPMS)
was used to determine hysteresis loops of the arrays for
fields up to 2 Tesla with a resolution of 2 x 10~ emu.

In what follows, we shall present the relationship
between the effective anisotropy of individual nanowires
and the IP saturation field of the array. The effective aniso-
tropy is the resultant of the intrinsic anisotropy and the
geometric, demagnetizing anisotropy.

3. THEORETICAL MODEL

In earlier work'>" we have shown that the effective
anisotropy of the nanowires in an array can be determined
from knowledge of the applied field at sawration, H,. One
method'® determines the effective anisotropy from H, of
IP loops, which as we may observe from Figure 4 resem-
ble transverse (hard direction) Stoner-Wohlfarth loops. 2%
This r:nethod requires only accurate knowledge of wire
length, {, and approximate knowledge of wire spacing, d.
That is, no knowledge of saturation magnetization, M_, nor
of wire radius, r, is required. Here, we extend this method,
by the introduction of an ad-hoc assumption, which we
show works remarkably well. This assumption will permit
us to make a precise choice of the value of the saturation
applied field, H,, and thus, to-improve the precision of our
calculation. ? '

Thé assumption proceeds: in’ several steps. First we
assumc that the nanowirc array may be considered as con-
sisting of elementary, independent objects or particles.
We may think of these particles as being the individual
wires, or as portions of wires. The global equilibrium mag-
netization state can be obtained by minimization of the
torque exerted on the magnetization of each particle by
the local effective field. This field consists of three com-
ponents, the applied field, H, the interaction field, which
is on average parallel to the applied field, and the effective
anisotropy field, which itself consists of two parts, intrinsic
and demagnetizing, as discussed above.

Now, we define the particle anisotropy field as the resul-
tant of the local effective anisotropy field and the local
interaction field. In all realistic cases of transition metals
and their alloys in nanowire arrays, the membrane plane
will be hard for individual wires. Even in the case of
mono-crystalline Co with ¢-axis in the plane, the magne-
tocrystalline anisotropy field is only half of the demag-
netizing field,'"™ " and the interaction field at saturation
will be a fraction of M /2. We note, however, that for
the array it is possible for saturation IP to occur at lower
field than for OOP, since the OOP interaction field opposes
the applied field. Thus, in-plane magnetization processes
can still be considered as a superposition of elementary
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transverse Stoner-Wohlfarth magnetization loops:**!

1, W =He
H
fn{H”I:H]z I —]-{”rﬂh'{—}-Hh_ (l]
P

-1, H<-H,

In Eq. (1) m represents the normalized magnetic moment
of the particle and H the external (applied plus interac-
tion) field. H,, is the total anisotropy field as given by the
competition between the global demagnetizing field of the
ferromagnetic cylinder and the local magneto-crystalline
anisotropy field. Now, we assume the distribution of H,,
well described by the log-normal probability distribution
function (PDF):*

]“:( Hkp/!Hl:l!.}

PDF(Hy,. 0 Hy,) = -

exp { —

1
Hy, o2
(2)

We denoted above the standard deviation and the distribu-
tion median as o and H,, respectively. Transverse magne-
tization loops for individual nanowires are then obtained
as a superposition of elementary magnetization loops:

00

M(H) = M, nI(Hkpl‘ H)-PDF(Hy, o; Hkp:'de;: (3)
0

We must point out that neither H,,, nor any other PDF
parameter (the mode or the mean) obtained by fitting of the
magnetization loops of the arrays can be directly related to
physical properties of individual nanowires because of the
interaction field between nanowires. In order to extract the
cffect of these interactions on the parameter H,,, we use
a model for the anisotropy field in individual nanowires.!?
Assuming thatl the effective anisotropy is independent of
[, we have shown that above a small length called dipolar
length, typically less than 1 um. H, varies linearly with /.
IP experimental values of the saturation applied field H'"
can be well fitted then with linear functions

H"(l)=Al+B (4)

where A and B are two fit parameters. From the model, the
average effective anisotropy field in individual nanowire is
given by E

h, =B+ Avy(d) (3)
¥(d) is a universal function of all extended nanowire
arrays’® and depends only on d. Since y varies slowly
with d over the range of values of d of AAO membranes,
the value of y for a given interwire spacing can casily be
determined to better than 3%. We take as the saturation
field H of the array the PDF mean parameter:

)
IP ~ s . et
H_\ == Hkul === Hl:r""‘p[ 2 l {6]
with Hy, and o as obtained from numerical fit of the
experimental in-plane magnetization loops. Using H'" val-

ues in Eq. (4) we obtain h, from Eq. (5). The use of this
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procedure permits the elimination of the effect of the inter-
action field and to extract h,, which is independent of /.

4. RESULTS AND DISCUSSION

Using the two-step anodization method as described in
Section 2, we obtained large, uniform AAO templates
characterized by narrow distributions both of hole diam-
eters and inter-hole spacings (Fig. la) and a very good
parallelism of the holes’ symmelry axes (Fig. 1b). As may
be seen from the SEM images of Figure 2, the growth of
nanowires was uniform. Arrays containing nanowires with
lengths from | pwm up to 45 pm were obtained by varying
the electrodeposition time from tens of minutes to several
hours.

EDX measurements (Fig. 2) show that the P content of
the nanowires decreases from 21% at pH = 1.5 to 8% at
pH = 4.0 (Fig. 3). XRD measurements with Copper K,
radiation, indicate that the electrodeposited alloy is amor-
phous, although a small nanocrystalline component can
not be excluded. Magnetic measurements of the nanowire
arrays show low coercivities and high saturation fields in
the plane of the array (in-plane, or IP) and higher coerciv-
ities and lower saturation fields parallels to the wire axis
(out-of-plane. or OOP), as shown in Figure 4.

(b)

Fig. 1. SEM images of obtained AAO templates: (a) top view; (b) side
view of a broken template. The anodization was performed in 0.3 M
oxalic acid at 40 V and | *C.

IT0ILHY HOHY3SIY
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Fig. 3. Phosphorous content in the ferromagnetic alloy versus pH of the
electrodeposition bath.
magnetization loops for all the samples investigated, con-
firming our hypothesis of log-normal distributions of par-
ticle anisotropy fields. In Figure 5 we show two extreme
situations: large H,, with small o (open triangles) and
sl NT G ' i ] small H,, .with large o (open circles). In ‘urder to avoid ti?e
superposition of the branches at saturation, the magnetic
| 1 moments of these loops were divided by two arbitrary and
c ({I‘:f T L%
3 1000 | Co 4 different values. ‘ .
O Co Fe We may note several observations concerning the exper-
S0 |l Fe 8 o 1 imental hysteresis loops, and our analysis of them. First,
b = H,,, tends to increase with increasing pH of the electrode-
0 2 4 6 8 10 position bath. This is illustrated in Figure 6, in which we
Energy (keV) show the largest H,,, observed for each series at constant
pH but various electrodeposition times. While these sam-
ples do not have exactly the same value of /, the interac-
tion field is not very different. Thus the variations in Hy,,
originate rather in variations of h;.
The experimental H,, values for arrays of different
length but the same pH were fitted in the least square
T
~ 10F
@
)
= out-of-plane
§ o5 :
g : in-plane
E
i)
S 00
Fig. 2. EDX spectra (atop pictures) and SEM side views (lower images) &
of electrodeposited CoFeP nanowires after AAO templates were partly E
dissolved with I M NaOH solution: (a) deposited from a solution of 2 o5 4
pH = 3.2, with length of 31.1 pm: (b) deposited from a solution of =
pH = 4.0, with different length 20.8 pm. The two EDX pattermns show g
that the nanowires consist of Co, Fe, P (Al on these diagrams comes Z 40 |
from remains of the AAD). ! a 1
-1600 -B00 o 800 1600

In-plane hysteresis loops of each sample were fitted
in the least square sense with analytical functions as
defined by Eq. (3) with Hy, and o as fit parameters. With
these analytical functions, we obtain excellent fits of the

4

Magnetic field (kA/m)

Fig. 4. In-plane and out-of-plane major hysteresis loops of a CoFeP
nanowire array with average lengths of 25 pm obtained at pH = 3.0.
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Fig. 5. Experimental (symbols) and theoretical (lines) in-plane major
hysteresis loops for two nanowire arrays: pH = 2.2 with length of 50 um
(circles) and pH = 4.0 with length of 33 um (triangles). H,, and & values
for the best fit and are indicated in the figure legend. Vertical dashed
lines indicate the tognormal mean of each distribution.

sensc with linear functions and the corresponding slope
and intercept used in Eq. (5) to evaluate the effective
anisotropy field of the nanowires. The obtained values are
shown in Figure 7. As we can see in this figure, the effec-
tive anisotropy field increases with the pH values. The
magnitude of the error bars associated with the ;:k values
may originate either in the imprecision of the nanowires’
length measurcment or in the time: variation of the bath
elecirodeposition paramelters as well.

The increase in ixk with pH may be associated with
the decrease in P content (as shown in Fig. 3) that
causes an increase of the magnetization® but the intrinsic
anisotropy may vary as well. In order to separate these

640

600 |+

520 - -

a40 | -

Lognormal mean H,, (kA/m)

1 n 1, " ] " L " L] i i

15 2.0 25 30 35 4.0
pH

Fig. 6. Maximal values of the lognormal mean paremeter. M,,,. for
nanowire arrays obtained at differemt values of the bath acidity.
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Fig. 7. Dependence of the effective anisotropy ficld kb, on the bath
acidity.

accurately, we need a precise value of M, requiring accu-
rate magnctometry and accurate determination of fill fac-
tor. If the intrinsic anisotropy is negligible with respect
to the geometric anisotropy, we may extract M, from
Figure 7. B

5. CONCLUSIONS

Amorphous CoFeP nanowirc arrays were clectrodeposited
into the pores of home-made AAO membranes at dif-
ferent values of the bath acidity. EDX, XRD, and SEM
techniques were used in order to evaluate the alloy phos-
phorous content and the average length of the nanowires
respectively. The major hysteresis loops of these arrays
were measured with a regular PPMS magnctometer. In-
plane magnetization loops of CoFeP nanowire arrays were
modeled with log-normal distributions of Stoner-Wohlfarth
transverse magnetization loops and the influence of the
bath acidity on the PDF log-normal parameters investi-
gated for pH values from 1.5 up to 4.0. The fit of all the
experimental loops is excellent. Using a phenomenological
mode] for the interaction field at saturation and the PDF
mean parameter as the saturation field of the array, we
have quantitatively described the influence of bath acid-
ity on the anisotropy fields in nanowires. Increasing pH
lcads to increasing anisotropy ficlds at least partly, duc
to dernagnetization. Future investigations will deal with
the stability of the bath parameters during the electrode-
position experiment, their influence on the homogeneity
of the ferromagnetic nanowires, and with the relationship
between the lognormal mean and the lognormal variance
parameters.
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