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The static magnetization experimental behavior of cobalt (Co), Permalloy (Py), and nickel (Ni)
nanocylinders is obtained from vibrating sample magnetometry while the dynamic behavior for the
Co and Py ones is analyzed by means of Brillouin light scattering spectroscopy. Assuming the
presence at remanence of two populations of cylinders with up and down magnetizations and
including the dipolar coupling between the cylinders, a single analytical model based on a mean-
field approach allowed us to satisfactorily analyze both series of experimental results. The model
requires three physical parameters, allowing us to derive the in-plane saturation field, the
eigenfrequency in the absence of applied field, and the eigenfrequency at the in-plane saturation
field; these parameters enable us to adjust the whole variation of the eigenfrequency versus the
applied field. Moreover, the effect of the magnetocrystalline anisotropy on the softening of
the frequency in the nonsaturated state is clearly evidenced: it is more pronounced when the
magnetocrystalline anisotropy is not vanishing and adds to the shape anisotropy (Co c-axis parallel
to the cylinder axis); the softening being weak in the other cases (Co c-axis perpendicular to the

cylinder axis or Permalloy). © 2011 American Institute of Physics. [doi:10.1063/1.3587170]

. INTRODUCTION

Electrodeposited arrays of ferromagnetic nanocylinders
(NGCs) have been the subject of intensive experimental and
theoretical investigations during the last two decades.'? Inter-
esting magnetic properties have been observed such as giant
magnetoresistance'~ or spin transfer phenomena.*> Potential
applications in data storage devices have also stimulated in-
terest in magnetization reversal in individual cylinders.®’
Since the possibility of synthesizing materials with a desira-
ble value of uniaxial magnetic anisotropy oriented along the
cylinder axis was possible, this feature makes such structures
very attractive for potential applications in microwave devi-
ces.® Microwave absorption in ferromagnetic NCs excited by
a homogeneous external electromagnetic field in a wide fre-
quency range has been analyzed by ferromagnetic resonance
(FMR).”"" The packing density and the cylinder diameter
were shown to be striking parameters for the evaluation of
the dipolar interactions between the cylinders.'? These inter-
actions were modeled according to a mean-field approach,
assuming an effective uniaxial anisotropy field oriented paral-
lel to the cylinder axis and proportional to the membrane po-
rosity. Recently, the possibility of adjusting the FMR
response of self-biased diluted Co NCs has been shown.'?
Similar results have also been reported for NiFe NCs.'* The
authors proposed an expression for the FMR frequency, pre-
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dicting two FMR modes corresponding to two populations of
magnetized cylinders with up and down magnetization states,
respectively. A double ferromagnetic resonance, below mag-
netization saturation, has actually been experimentally
observed and theoretically confirmed.'”” The study of the
magnetic response of such a system is therefore of great inter-
est in order to design microwave devices operating without
an external magnetic field.

In this work, the static experimental behavior of cobalt
(Co), permalloy (Py, NiggFe,o), and nickel (Ni) NCs are
obtained from vibrating sample magnetometry (VSM), while
the dynamic behavior is investigated in the case of Co and
Py using Brillouin light scattering (BLS) spectroscopy meas-
urements, respectively. We show that a single analytical
model, based on a mean-field approach and assuming the
presence at remanence of two populations of cylinders show-
ing up and down magnetizations, taking into account the
dipolar coupling between the cylinders, allowed us to satis-
factorily analyze both series of experimental results. The
model requires three physical parameters allowing us to
derive the in-plane saturation field, the eigenfrequency in the
absence of the applied field, and the eigenfrequency at the
in-plane saturation field; these parameters enable us to adjust
the whole variation of the eigenfrequency versus the in-plane
applied field. Moreover, in order to point out the role of the
magnetocrystalline anisotropy, two series of Co NCs with
the c-axis nominally perpendicular (Co cLl) and parallel to
the cylinders axis (Co c||) were investigated and their mag-
netic behavior compared to the isotropic arrays of Py.

© 2011 American Institute of Physics
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Il. SAMPLES AND EXPERIMENTAL TOOLS

We have prepared two-dimensional arrays of large as-
pect ratio (~40) cobalt (Co), Permalloy (Py: NigoFe,), and
nickel (Ni) nanocylinders (NCs) 30 nm in diameter and 1.3
pm in length in the following manner.'® Hexagonally ordered
porous Al,O3 templates were first fabricated from sputtered
Al layers on silicon substrates using a two-step electrochemi-
cal anodization process® and afterward were filled with the
ferromagnetic materials by means of electro-deposition using
concentrated electrolytes.*'*'® The diameter of the pores is
30 nm with a membrane porosity of 3.5% (5 x 10° pores/
cm?). Interestingly, the orientation of the crystallographic c-
axis in cobalt NCs of a hexagonal structure may be adjusted
either parallel or perpendicular to the cylinders axis.'® It
should be noted that in the case of the crystalline anisotropy
normal to the cylinder’s axis its in-plane orientation is ran-
dom. This can be achieved by carefully tuning the electrode-
position parameters (mainly potential and solution pH). In
Fig. 1, we present TEM micrographs and the associated dif-
fraction patterns for 30 nm Co NCs deposited at the same
pH=15.2 and different deposition rates. The dependence of
the hcp c-axis orientation on the deposition current is evi-
dent. At a low deposition rate [Fig. 1(a)], the c-axis, i.e., the
[0001] hexagonal axis, is parallel to the cylinders axis, while
at a high deposition rate it is perpendicular [Fig. 1(b)].'°
Note that the structure is kept constant along the whole cyl-
inder length, i.e., no grains having another orientation or
structure were observed.

The magnetization of the NC arrays was measured with
a DMS 1660 VSM in a magnetic field up to 13.5 kOe applied
in-plane (longitudinal configuration, i.e., perpendicular to
the cylinder axis) and out-of-plane (polar configuration, i.e.,
parallel to the cylinder axis). The VSM was calibrated using
pure nickel (M = 54.9 emu/g). The dynamic properties of the
NCs were studied by means of the BLS technique which
constitutes a powerful tool for investigating the magnetic
properties of magnetic films.'”'"® In a BLS experiment, a
beam of Ar" laser light operating on a single mode of the
514.5 nm line is used as a probe to reveal spin waves which
are naturally present in the medium under investigation in the
3-300 GHz spectral frequency range. A 200 mW p-polarized
light was focused on the surface of the sample and the scat-
tered light was analyzed by means of a Sandercok-type 343
pass tandem Fabry-Pérot interferometer. In the present work,
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we used the backscattering geometry so that the value of the
wave vector of the probed spin waves is experimentally fixed
to the value k = (4n/A) sin(0), where A denotes the wave-
length in air of the laser light and 0 is the angle of incidence.
Moreover, the excited spin waves are studied versus the am-
plitude of the applied magnetic field up to 10 kQOe.

lll. RESULTS AND DISCUSSION
A. Static magnetic measurements
1. Experimental results

In Fig. 2 we show the hysteresis loops measured in both
in-plane and out-of-plane configurations (out-of-plane:
H parallel to the cylinder’s axis i.e., to the z axis, in-plane:
H perpendicular to the cylinder’s axis). The out-of-plane
loops enable us to point out the peculiar behavior of the
(Co c||) sample with respect to the other ones while, as
shown below, all the in-plane loops are very similar.

Initially, the (Co c||) sample retained a large magnetiza-
tion after applying a field parallel to the cylinders (out-of-
plane loops) as indicated by the large value (0.9) of the
squareness, S, defined as the ratio of the remnant magnetiza-
tion, M,, to the saturation magnetization, M,; the other sam-
ples present a small magnetization at remanence (S <0.3).
Notice also that the corresponding coercive field, H,, is the
higher one (2.8 kOe while it is lower than 1 kOe for the other
samples). The related values of H. and S are reported in
Table 1. The magnetic behavior of the samples in this geome-
try can be explained in terms of conventional reasoning.
Qualitatively, within the “macro-spin” model, the coercive
field in this configuration is determined entirely by the ani-
sotropy of the sample. At zero field, the direction of the
magnetization results from several contributions: magneto-
crystalline anisotropy, cylinder shape anisotropy, and dipolar
interaction between the cylinders.

In the case of the (Co c||) sample, the magnetocrystalline
anisotropy and the cylinder shape anisotropy act in the same
way: they tend to align the magnetization along the z direc-
tion; the dipolar coupling tending to align the magnetization
of the neighboring cylinders antiparallel. In this configura-
tion, the magnetocrystalline anisotropy and the cylinder
shape anisotropy overcome the dipolar coupling, thus allow-
ing a large remnant magnetization, M,. The obtained cycle is
typical of an easy-axis loop. In the case of the (Co c.l)

FIG. 1. TEM micrographs of 30 nm Co nanowires electro-
deposited at pH=15.2 and (a) a low deposition rate (Co c||)
and (b) a high deposition rate (Co cl). Reprinted with
permission from Appl. Phys. Lett. 86, 072508 (2005).
Copyright 2005 American Institute of Physics.
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sample, the magnetocrystalline anisotropy tends to make the
magnetization in plane, thus reducing the cylinder shape ani-
sotropy, leading to smaller values of H. and M,. Finally, in
the absence of a magnetocrystalline contribution (for the
cases of Permalloy and nickel), the dipolar coupling can be
strong enough to impose an antiparallel configuration and
the cycles are less square.

At the same time, the magnetization reversal mechanism
cannot be explained by simple reversal schemes. For NCs
with large aspect ratio, a reversal proceeding in a nucleation/
propagation manner has been theoretically'®*® and numeri-
cally reported via micromagnetic simulations.?' The study of
the coercivity as a function of the NCs diameter reveals a
change of the magnetization reversal mechanism from local-
ized quasicoherent nucleation for small diameters to a local-
ized curlinglike nucleation as the diameter exceeds a critical
value determined by the exchange length.?? A study of the
magnetic properties of Fe and Ni NCs with diameters smaller
than the domain wall width concluded that the reversal

TABLE I. Squareness, S, coercive field, H, and saturation field, Hy, meas-
ured for the various samples with H applied parallel or perpendicular to the
cylinders.

H parallel to cylinders H perpendicular to cylinders

Samples S=M,/M; H. (kOe) H,(kOe) S=M,/M; H. (kOe) H; (kOe)

(Cocl) 0.9 2.8 5 0.34 0.93 5.5
(Cocl) 0.15 0.73 7 0.22 0.2 4.5
Py 0.2 0.9 7 0.15 0.1 3

Ni 0.27 0.63 4 0.15 0.1 2.5

mechanism involves nucleation of a magnetic domain and
subsequent propagation of the domain wall along the nano-
cylinder.® That nucleation is triggered near structural
defects or at the edge of the NCs. However, for Co wires, a
different behavior that is dominated by competition between
the shape anisotropy and the temperature-dependent magne-
tocrystalline anisotropy is observed. The Stoner-Wolfarth
model described well the reversal in the case of Co NCs with
a diameter of about 3 nm embedded in epitaxial CeO, layers
while the reversal is localized when the diameter reaches
5 nm.?** Since the diameters involved are lower than the criti-
cal value allowing reversal by curling, the coherent rotation
is generally operative. A marked increase in the coercive
field characterized the intermediate region between coherent
rotation and magnetization curling.>> The macro-spin con-
cept is especially inadequate in the case when the cylinders
are not saturated. More specifically, it emphasizes the impor-
tance of the inhomogeneity of the static magnetization,
including the presence of the domain structure.

Let us now consider the in-plane applied field hysteresis
loops (perpendicular to the cylinders). The magnetization
loops look like the ones expected from the usual scheme of a
coherent rotation in the hard axis-geometry (Fig. 2). It is also
interesting to note that the saturation is reached for higher
fields than in the out-of plane configuration.

Indeed, a rigorous numerical approach, however time-
consuming, is necessary in order to ensure a reliable and
adequate description of the magnetization reversal. However,
we show in the next subsection that an analytical approach
using understandable physical parameters allows for a good
description of the experimental measurements.
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2. Analysis of the experimental data

Our experimental results can be analyzed considering
two populations of cylinders showing up and down magnet-
izations as proposed in Refs. 13—15: the z axis denotes the
direction of the cylinders. We assume that when the external
field is zero, N; cylinders have a magnetization in the direc-
tion of increasing z (+ e,) and N, cylinders show a magnet-
ization in the direction of decreasing z (—e,). Let us analyze
the two investigated experimental configurations.

When the external field H is applied along the cylinders
axis, the loop of the (Co c||) sample presents a large remnant
magnetization, M,, in contrast with the other loops which
present a small value of M,. This peculiar behavior means
that the individual anisotropy can overcome the dipolar cou-
pling between cylinders only in the (Co c||) sample: this is
the only case where nearly all magnetizations can be up-
aligned (N, < N;) when the external field vanishes.

If H is applied along a direction perpendicular to the
cylinder’s axis, all loops demonstrate a small remnant mag-
netization. This means that in these experiments, the antipar-
allel configuration (N; ~ Nj) is almost obtained at zero field
in all samples i.e., the dipolar coupling makes the magnetiza-
tions of two neighboring cylinders antiparallel.

In order to understand the respective behavior we exper-
imentally observed, particularly the remnant state and the
saturation in-plane field, we propose the following model.
To lighten the formulas, we denote the saturation magnetiza-
tion M.

We first assume that the mean individual anisotropy
energy of each cylinder reads

E; = —V(aM? + bM?}/M?), (1)

where V is the volume of one cylinder, M, denotes the mag-
netization component along the cylinder direction, a and b
are two dimensionless parameters; in the case of an isolated
infinite cylinder showing neither magnetocrystalline nor
magneto-elastic contributions, a = m and » = 0; in the general
case, the parameter, a, is inferior to © but is still positive
because the demagnetizing field is usually larger than any
other anisotropy field. We regard the arrays of cylinders as a
hexagonal lattice. We assume that the dipolar coupling
between a cylinder and its neighbors reads,

EC - VCMZH (sz +qu +Mzr +sz +Mzt +MZM)3 (2)

where c is a positive dimensionless parameter and M, is the
magnetization component of the cylinder labeled by n; this
cylinder is surrounded by the cylinders labeled by p,q.r,s,t,
and u.

The parameters a, b, and ¢ will be derived from the analy-
sis of the BLS experiments. However some preliminary indi-
cations can be already obtained from the VSM measurements.

In order to deal with the remnant state, we will consider
two configurations at zero field:

1. All magnetizations are parallel and are lying along the
cylinder direction, yielding a large remnant magnetization
when the external field is applied in the direction of the
cylinders.
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2. The magnetizations of two neighboring cylinders are anti-
parallel and lying along the cylinders direction, yielding a
small remnant magnetization regardless of the direction
of the applied field.

In the first case, assuming M, =M cos(0), the total
energy reads,

E = NVM? [— (a cos’0 +b 00540) + 3¢ cosze], 3)

where N is the number of cylinders and 0 is the angle
between the magnetization and the z axis. For small values
of 0, the energy reads: E=NV M? [— (a+b) +3c+ (a+2b
— 3c)02], thus the configuration 0=0 is stable only if
(a+2b—3c)>0.

In the second case, assuming M, =M cos(0) and
M,, =— M cos(0), the total energy reads,

E = NV M?[—(a cos*0 + bcos*0) — 3c cos*0].  (4)

For small values of 6, the energy reads: E=NV M?
[— (a+b+3c)+ (a+2b+3¢)0 7], thus the antiparallel con-
figuration is valid if (a+2b+3c)>0. Regarding these
results, we expect that the condition (a +2b — 3c¢) > 0 is ful-
filled only in the case of the (Co c||) sample while the condi-
tion (a4 2b+3c) >0 should be valid for all samples. We
will show further that these conditions are actually realized.

Let us now derive the saturating field when the external
field is applied in the plane of the sample, i.e., perpendicular
to the cylinder’s axis. The x axis denotes the direction of the
in-plane applied field, H. The initial configuration is antipar-
allel (N; =N,). Let (X;,0,Z;) be the components of the ini-
tially up magnetization (i.e., if H=0, then X;=0 and
Z1=M). Let (X,,0,Z,) be the components of the initially
down magnetization (i.e., if H=0, then X,=0 and
Z,=—M).

The total energy reads,

E=V(N/2)[-H(X| +X2) — a(Z} + Z3)
—b(Z} +23) /M* + 6¢2,2,]. 5)

The equilibrium conditions read,

H; = He, + <2a21 + 4be /M2 — 6cZz>eZ is collinear to
M, = X, ex +Ze,,

H, = He, + (ZaZ2+4bZ% / M? — 6ch)eZ is collinear to
M, = Xse, + Zse,. (6)

These conditions are fulfilled when, respectively, X; =X,
=X, Z,=—7Z,=7, H=)X, and 2aZ+4bZ>/M*+ 6¢
7 =7, where A=2a+4bZ*M>+6¢ while Z>0 and A
=H/M if Z=0. The limit Z—0 defines the saturating field,
H, = (2a + 6¢)M. The measured saturation fields enable us to
evaluate (2a + 6¢) assuming the usual saturation magnetiza-
tion values (see Table II). The experimental values agree
well with the evaluated ones when the applied field is per-
pendicular to the cylinder’s axis whereas the agreement is
less satisfactory for the out-of-plane applied field; this will
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TABLE II. Experimental data [F(0), F(H), and Hg] and fitting parameters
(a,b, and c¢) obtained from VSM and BLS measurements.

Permalloy (Co cL) sample (Co c||) sample
F,(0) (GHz) 11 13 21
F. (H) (GHz) 10 14 17
H; (kOe) 3 4 5
2a 1.4 0.9 1.3
4b 0.8 0.4 1.3
6¢ 2.3 2 2.3

be discussed in the paragraph related to the BLS measure-
ments in this configuration.

In the case of the Co nanocylinders, our results illustrate
the important role of the competition between the magneto-
crystalline and shape anisotropies on the magnetization re-
versal process which is in agreement with what has been
observed in the literature."**’ The direction of the easy
axis is determined by such competition and the dependence
on temperature of the magnetocrystalline anisotropy.24’25
The resulting effective anisotropy then enters into competi-
tion with the dipolar coupling between the NCs.>>2%2°

B. Dynamic magnetic measurements

The dynamical properties of the Co and Py samples
have been investigated by means of the Brillouin light scat-
tering (BLS) technique. Making use of the magnons excited
by stochastic thermal mechanisms it provides access, in a
wide range of frequencies (up to 150 GHz), to the full spec-
trum of spin waves (SW) magnetic excitations, contrary to
the FMR (ferromagnetic resonance) based approach. In the
latter case, only the SW modes forming nonzero overlap
integrals with the external homogeneous microwave field
can be excited. Since in our case, the samples were of very
low concentration (packing density, P, being of the order of
only 3.5%), the detection of collective SW modes, existing
only in a saturated state, was hardly realistic. That is why, in
this paper, we have mainly concentrated on the dynamic
behavior of the nonsaturated samples. The transition nature
of the nonsaturated state makes it much more sensible to the
inter-wire dipolar coupling (both static and dynamic), how-
ever weak. This leads to pronounced peculiarities in the SW
spectra even in highly diluted samples such as ours.

A theoretical description of the SW behavior of the stud-
ied systems is not trivial even in the case of a single isolated
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cylinder. Considerable theoretical effort has been made to
understand the structure of the existing modes. They have
been first treated as purely magnetostatic>®>! and then the
dipole exchange nature of the magnetic waves was consid-
ered’33 however, the analysis was limited to the particular
case of purely cylindrical geometry when the external mag-
netic field and static magnetization are parallel to the cylin-
der axis. A more general situation, with an arbitrary
orientation of the magnetization with respect to the axis of
symmetry, was analytically treated by Tartakovskaya.**
Notice that when the aspect ratio is high enough (> 20),
which is our case, the vertical spin-wave resonances are not
taken into account and the theoretical interpretation fully
relied upon the azimuthal and radial modes.

In this work, we have adopted the simplified macro-spin
model which excludes any magnetic structure within a cylin-
der, thus allowing us to concentrate on taking into account non-
trivial features resulting from the interplay of static and
dynamic dipolar interactions between two major “cylinder pop-
ulations,” along with those within each “cylinder population.”

1. BLS measurements while the external field is
applied perpendicular to the cylinders

In Fig. 3 we show a typical BLS spectrum in the case of
a magnetic field, H, applied perpendicular to the NC’s axis
for a large (left panel) and a low (right panel) H, for cobalt
NCs with a c-axis parallel to the NC’s axis (the angle of inci-
dence was equal to 45°). The inelastic scattering by magnetic
modes gives rise to very broad lines which are probably
associated with several azimuthal or radial modes®> that we
are not able to resolve experimentally. Thus we show the av-
erage position of the broad lines.

The spin wave frequencies were studied as a function of
the magnetic field. When the applied field is perpendicular to
the cylinder’s axis, there are typically two phases of spin wave
behavior, corresponding to the applied field being less than or
greater than a critical value related to the effective anisotropy
field (Fig. 4). For an infinite isolated cylinder the effective field
of perpendicular uniaxial shape anisotropy, H, is equal to
2nM, typically 8.8, 5, and 3 kOe for a Co, Py, and Ni cylinder,
respectively. To take account the inter-NCs dipolar interac-
tions, an effective anisotropy, H,"" = H, — 6nPM,, where P is
the packing density of the cylinders, has been introduced.'
Thus for P=0, H is equal to its value in an individual
cylinder and for P =1, to its value for a continuous film. As

H =8 kOe H=2kOe

FIG. 3. Cobalt NCs with a c-axis paral-
lel to the wire axis, and BLS spectrum in
the saturated regime (H=28 kOe) and in
the nonsaturated regime (H=2 kOe) in
the case of a magnetic field, H, applied
perpendicular to the cylinder’s axis (in-
’J plane configuration).

-50 0 50 -50
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0 50
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expected, the dipolar interactions contribute to the diminution
of the transition field from the out-of-plane nonsaturated state
to the in-plane saturated magnetization state (H; depends on
the material: H; =~ 5, 4, and 3 kOe for the (Co cl|), (Co c1),
and Py samples, respectively). Notice that the effect of the
magneto crystalline anisotropy on the softening of the fre-
quency in the nonsaturated state is clearly evident; it is more
marked when the magnetocrystalline anisotropy adds to the
shape anisotropy (Co c|| sample); the softening being weak in
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the other cases. Also, the zero field frequency, F(0), depends
on the material. For an applied field, H > H,, the frequency
varies in a quasilinear manner.

The experimental data are analyzed within the frame-
work of the same model introduced for the discussion of the
static measurements. The eigenfrequencies are derived from
the Landau-Lifshitz equations

(1(0/7) m; =m; X H1 +M1 X hl,and

(iw/y) my =my x Hy +M; x hy, @
where o is the angular frequency, 7 is the gyromagnetic fac-
tor, m; is the dynamic part of the magnetization of the cylin-
ders belonging to the first set (magnetization initially in the
direction of increasing z), h; is the corresponding dynamic
field, m, is the dynamic part of the magnetization of the cyl-
inders belonging to the second set (magnetization initially in
the direction of decreasing z), h, is the corresponding
dynamic field; from the total energy, we derive the effective
dynamic fields:

h, {(261 4 12b22/M2)mz1 e mzz} e,

h, — [(201 + 121922/M2)mz2 —6¢ mzl}ez. ®

The Landau-Lifshitz equations have a nontrivial solution if

(0/7)*= (GZ)+)X? [;L - (2a + 12622 /Mz)} +6¢7X.
)

The frequency, F, = w, /2w is associated with the in-phase
mode: the dynamic magnetizations in the two populations of
cylinders oscillating in phase. F_ = w_/2n is associated with
the out-of- phase mode: the dynamic magnetizations of ini-
tially up magnetized cylinders do not oscillate in-phase with
the dynamic magnetizations of initially down magnetized
ones.

The higher frequency, belonging to the symmetric (or
acoustic) mode is used to fit our experimental data because it
does not vanish at the saturation field. On the contrary, the
asymmetric (optical) lower frequency is no longer in existence
when the magnetic field exceeds the critical value of Hg, which
corresponds to the saturation. The fitting curves are displayed
in Fig. 4. The best fits are provided using the parameters
reported in Table II. The fitting parameters are estimated from
the frequency at zero field, F,(0)= (y/2n) (2a+ 4b+ 6¢)M,
the saturating field, Hy = (2a 4+ 6¢)M and the frequency at sat-
urating field, F, (Hy) = (y/27) [12¢(2a + 6c)]1/2 M. We assume
y/2n =3 GHz/kOe, M (Permalloy) =800 emu/cm3, and M
(Cobalt) = 1400 emu/cm®.

Due to its dipolar origin, the parameter, c, is nearly the
same for all samples. The anisotropy field for H=0 reads:
H, = (2a + 4bh)M; a large remnant magnetization is allowed
if this field is greater than the coupling field, H. = 6cM, as
previously discussed. This condition is fulfilled only for the
(Co cl||) sample: 2a+4b=2.6, 6c=2.3 (see Table II).
It is interesting to sort the samples according to the ratio,
H./M = (2a + 4b): the highest ratio [2.6] corresponds to the
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(Co c||) sample and the lowest one [1.3] is associated with
the (Co c_L) sample. In the (Co c||) case, the magnetocrystal-
line contribution acts in the same way as the shape anisot-
ropy, while in the (Co c) case, it acts in the opposite way.
For the Permalloy NCs, this ratio (2.2) lies between those of
the cobalt NCs. The Permalloy ratio is found to be close to
that of the (Co c||) sample. Thus we suspect a strong mag-
neto-elastic contribution to its anisotropy.

2. BLS measurements while the external field is
applied parallel to the cylinders

Before discussing the BLS experimental data, we con-
sider the expected static states when the external field, H, is
applied along the z axis. If we assume that all the cylinders
are nearly up-magnetized (N; > N), then the total energy
reads,

E= NVM[—H cos 0 — M(a cos’0+b cos40) + 3Mc cosz(ﬂ ,
(10)

where 0 is the angle between the magnetization and e,. For
small values of 0, we obtain E=NV M {—H(1 —0?%2)—M
[a(1 — 0%+ b(1 —20%)]+3M ¢ (1 — 0%} thus 6 =0 is a sta-
ble state while H is greater than —(2a + 4b — 6¢)M. Accord-
ing to this calculation, we expect that the reversing field for
the (Co c||) sample reads (2a + 4b — 6¢)M, namely 0.42 kOe.

If we assume that half of the cylinders are nearly up-
magnetized and the others are nearly down-magnetized
(N} =Ny), then the total energy reads,

E = (N/2)V M x {—H(cos 0, — cos 0,)
—M[a(0052 0,+cos? 02)
+ b(cos4 0,+cos* 92) + 6¢ cos 0;cos 92} }, (11)

where 0, is the angle between the magnetization in the first
group of cylinders and +e, and where 0, is the angle
between the magnetization in the second group of cylinders
and —e,. For small values of 0, and 6,, we obtain:

E = (N/2)VM x {—H(03 — 07)/2 — M[a(2 — 07 — 03)
+b(2-207 —263) +6¢c(1 — 67 /2—65/2)]},  (12)

thus 0; = 0, =0 is a stable state while [H| < (2a + 4b + 6¢) M.

According to this calculation, we expect that the saturat-
ing field for the (Co cLl) sample and the Py sample reads
(2a +4b + 6¢)M, respectively, 4.2 kOe and 3.6 kOe.

The estimations of the reversing field for the (Co c||) sam-
ple and the saturating field for the (Co c_L) sample and Py sam-
ple are far below the measured values. This means that in the
case of the unsaturated sample submitted to a perpendicular
field (i.e., parallel to the cylinders), we cannot assume simple
configurations like all magnetizations up (N;/N ~1) or half up
and half down (N;/N = 1/2). Domains are probably present,
yielding an intermediate value (1/2 < Ny/N < 1)."> This obvi-
ously leads to a peculiar behavior of the frequency variation as
discussed in the following text.

In the case of a field applied parallel to the cylinder axis,
the behavior of the frequency is not similar to the observed

J. Appl. Phys. 109, 103912 (2011)

304 ®m experiment
up and down state
saturated state

Frequency shift (GHz)

Applied magnetic field (kOe)

FIG. 5. (Color online) Frequency variation as a function of the external field
applied parallel to the cylinders. Symbols (experimental data), the upper
curve corresponds to the situation where the two populations of cylinders
co-exist: it is the initial situation. The lower curve is the theoretical evolu-
tion in the situation where all the magnetic moments are aligned parallel.

one in the perpendicular case. The variation of the frequency
versus the amplitude of the magnetic field for the Py cylin-
ders is shown in Fig. 5. The evolution of the frequencies
reveals a quasiprogressive evolution from an unsaturated to a
saturated regime where the magnetization in all of the cylin-
ders is parallel to the direction of the applied magnetic field.
This behavior confirms that at remanence, the cylinders
belong to two different families exhibiting magnetization
oriented along the positive (negative) direction, z.

The symbols in Fig. 5 represent the points experimentally
obtained. The upper curve corresponds to the situation where
the two populations of cylinders co-exist: it is the initial situa-
tion; in this case the eigenfrequency reads as F=(y/2n)
[H+ (2a +4b+ 6¢c)M]. The lower curve is the theoretical
evolution in the situation where all the magnetic moments are
aligned; in this case the eigenfrequency reads as F=(y/2m)
[H+ (2a+4b—6c)M]. Because the anisotropy field,
H, = (2a + 4b)M = 1.76 kOe, is lower than the coupling field,
H.=6cM = 1.84 kOe in the case of Py, the initial state is nec-
essarily the antiparallel configuration; thus, the lower curve
could not be reached at zero field. Progressively approaching
the saturation for a high enough field, the experimental fre-
quency tends toward the situation (lower curve) where an
alignment of all magnetic moments is achieved. This evolu-
tion is in agreement with the VSM data where the saturation
field in the out-of-plane configuration is about 6 kOe [see Fig.

2 (0)].

IV. CONCLUSION

Vibrating sample magnetometry (VSM) and Brillouin
light scattering (BLS) spectroscopy measurements obtained
on large aspect ratio ferromagnetic nanocylinders are ana-
lyzed using a single analytical model based on a mean fields
approach. Three physical parameters are required to derive
the in-plane saturation field, the eigenfrequency in the ab-
sence of applied field, and at the in-plane saturation field and
to adjust, with good accuracy, the overall variation of the
eigenfrequency versus the applied field. Also, the static mag-
netization behaviors are qualitatively analyzed within the
same approach.
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