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Abstract

The magnetic anisotropy of 3-nm wide cobalt nanowires embedded in epitaxial
Ce0O,/SrTiO5(001) layers is investigated by ferromagnetic resonance measure-
ments. The measured magnetic shape and the magnetocrystalline anisotropies
confirm that the Co nanowires have their main axes perpendicular to the film
surface, and they are composed of hcp Co grains with the c-axes oriented along
one of the (111) directions of the CeO, matrix. The effects of such a peculiar
structure on the magnetic anisotropy are addressed experimentally. The results
show that the magnetic anisotropy of the wires is dominated by the magneto-
static term. The inhomogeneous structure of the wires leads to an effective
magnetocrystalline anisotropy smaller than the bulk value of hep Co.

Keywords: magnetic nanowires, ferromagnetic resonance, magnetic anisotropy

1. Introduction

Ferromagnetic nanowires (FNWs) assemblies have been studied intensively in recent years.
Due to the large aspect ratio of FNWs, the magnetic anisotropy of these systems is usually
dominated by shape anisotropy, leading to two stable states of the magnetization, i.e. pointing
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up or down along the axis of the wires. This property has the potential to be applied in data
storage devices with increased density [1-5]. However, other sources of magnetic anisotropy
may be present, resulting in less obvious magnetic configurations, such as the so-called snake
state observed in cobalt wires where the magnetocrystalline anisotropy competes with shape
anisotropy [6—8]. Thus, a full understanding of the magnetic properties of FNWs requires
determining their structure in order to unravel the different—and possibly competing—
magnetic anisotropies present in the system [6, 9-13]. Also, the use of techniques sensitive to
the magnetic anisotropy such as ferromagnetic resonance (FMR) is needed in order to measure
the magnetic anisotropy constants of the system [14-25].

In this paper, we report on the study of the magnetic properties of cobalt nanowires
embedded in CeO, epitaxial films grown on SrTiO3(001) by pulsed laser deposition [26—28].
The nanowires are made of grains of hcp Co oriented along well-defined directions of the CeO,
matrix and separated by fcc regions [29, 30]. This leads to a local competition of magnetostatic
and magnetocrystalline anisotropies that we address here experimentally by FMR.

This paper is organized as follows. In section II we first provide some information on the
growth method and on the structure of the FNWs assembly studied here. The experimental
details on the ferromagnetic resonance technique are given in the same section. The FMR
results and their analysis are reported in section III. Section IV is devoted to the discussion of
the FMR results.

2. Experimental

2.1. Growth and structure

Cobalt containing CeO, epilayers were grown on SrTiO3(001) substrates by pulsed laser
deposition (PLD) using a KrF laser (wavelength 248 nm) operating at 2 Hz. CoO and CeO,
targets were used. The epilayer was grown at a pressure lower than 10~ mbar and 600 °C using
a combinatorial procedure [31-33]: a sequence of 3 laser shots on CoO and 17 laser shots on
CeO, was repeated until a 300 nm thickness was reached.

Using this procedure leads to the self-assembly of Co nanowires embedded in a CeO,/
SrTi03(001) epitaxial matrix, as sketched in figure 1(a). The FNWs have their axis pointing
along the growth direction and the sample studied here presents a narrow distribution of
diameter size centered in 3 nm. The FNW structure could be determined using high resolution
transmission electron microscopy [29]: the FNWs are made of hcp Co grains with length of the
order of 9 nm separated by fcc regions. The fcc regions are epitaxied in the matrix (cube-on-
cube epitaxy). In the hcp grains, the c-axis is aligned within #3° with one of the four (111)
directions of the CeO, matrix, see figure 1(b). Considering the angle between a (111) and a
(001) directions (54.7°), and the slight dispersion in c-axis orientation observed in the sample,
the angle between the c-axis and the FNWs axis is 55 + 3°.

Contrary to fcc Co, hcp Co has a strong uniaxial magneto-crystalline anisotropy, Kj,,
directed along the ¢ axis. K;, has an almost constant value of 7.6x10°J.m™ at low
temperatures up to approximately 150 K [34]. It is of the same order of magnitude as the shape
anisotropy, Ks, obtained when considering an infinitely long Co  wire:
Kg = 040/4)M52 = 6.6x10°J.m™> (My is the saturation magnetization). As both energies fall
in the same range, it is expected that they will compete within the hcp grains.
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Figure 1. (a) Schematic representation of the FNWs assembly studied in this paper: the
Co nanowires are embedded in an epitaxial CeO,/SrTiO5(001) matrix with their axis
pointing along [001]. (b) Schematic representation of the local, nanometer-scale,
structure of the Co wires: hcp grains with c-axis oriented along one of the (111)
directions of the matrix are separated by fcc regions.
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Figure 2. Schematic of FMR measurements for our samples exhibiting the two
geometries of measurements: (a) #-scan and (b) ¢-scan. For 6-scan, it is possible to
perform measurements with different ¢ angles.

2.2. FMR measurements

Ferromagnetic resonance was performed in Q-band (~34 GHz) using a Bruker ESP-300
spectrometer. The frequency was chosen to reach the resonance conditions of the Co FINWs.
Considering thin film samples, there are two possible geometries to perform a magnetic
resonance measurement: (7) the #-scan, in which the resonance fields probed lie in a plane
perpendicular to the film surface; and (ii) the ¢-scan in which the sample surface plane is
probed. In both geometries an angular sweep is performed in the plane probed by the
measurement.

Figures 2(a) and (b) present the measurement geometries, i.e., the applied magnetic field
and the plane probed in ¢- and #-scans for the case of nanowires lying perpendicular to the
surface of thin films. The dc applied magnetic field in the FMR setup is always in the plane
probed while the RF field is perpendicular to this plane. In our experiments, ¢ = 0° and 6 = 90°
correspond to a field applied in a direction parallel to one of the (110) directions of the sample.
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Figure 3. (a) FMR spectra of the FNWs assembly for selected values of 8, as indicated,
and ¢ = 0°. Symbols are experimental points and dashed lines are fits considering a
Lorentzian derivative. (b) Resonance field as a function of @ for distinct ¢ angles.

3. Ferromagnetic resonance study

3.1. FMR spectra

FMR spectra were recorded at room temperature in f-scan and ¢)-scan geometries. Selected
spectra obtained in -scan geometry at ¢ = 0° are presented in figure 3(a). The variation of the
resonance field with the angle of the applied magnetic field was extracted by fitting the signal
considering a Lorentzian derivative function. The extracted resonance fields are presented in
figure 3(b).

The large difference between the resonances for applied field perpendicular (6 = 0°) and
parallel to the plane of the thin film (9 = 90°) allows us to confirm the large anisotropy in the
system with an easy axis perpendicular to its surface. Such anisotropy is expected considering
the high aspect ratio and orientation of the FNW [35]. In contrast, no dependence of the
resonance field on the ¢ angle could be detected in this geometry, as shown in figure 3(b). The
behavior observed in #-scan geometry is the one expected when considering the high aspect
ratio of the FNWs.

In order to probe if the grain structure of the wires affects the magnetic behavior, the
resonances were also probed in the ¢-scan geometry. The results obtained in this geometry are
presented in figure 4. Selected spectra, recorded at different ¢ angles, are displayed in
figure 4(a). These spectra have a shape approaching that of a Lorentzian derivative, but it was
not possible to fit these spectra with such a function. A more careful inspection reveals that the
two lobes of the curve profile are not symmetric. This asymmetry is probably due to the fact that
the saturation field of the sample in this geometry and the resonance field have close values.
From figure 4(c) where the in-plane hysteresis loop is displayed, we can observe that the sample
magnetization is not saturated for field values at the beginning of the resonance (~1.2 T). On the
other hand, for field values equal to, or larger than, the resonance field, the magnetization is at
saturation. Therefore, for the first lobe of the resonance, where the sample is not saturated, a
sheared behavior is observed.
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Figure 4. (a) FMR spectra in ¢-scan geometry. (b) Variation of the resonance field with
¢. (c) Magnetic moment versus the applied magnetic field measured at 300 K parallel
and perpendicular to the film.

The resonance field variation in the plane of the thin film was determined by averaging the
maximal and minimal values of the signal and is presented in figure 4(b). The observed
variation indicates the presence of an additional source of anisotropy (the uniaxial anisotropy
related to shape is not the only source of anisotropy). This anisotropy has a four-fold symmetry
in the plane and seems to correspond to the presence of an anisotropy typically observed in
cubic materials. This anisotropy can be explained based on the peculiar structural properties of
the system. As described in the previous section, the cobalt in the FNWs crystallizes in the
hexagonal structure with the c-axis pointing preferentially in a (111) direction of the matrix.
Thus, the projection of the magnetocrystalline anisotropy in the surface of the sample produces
in-plane easy directions along (110) and in-plane hard directions along (100).

3.2. FMR analysis

In order to model the resonance fields observed in the system, simulations were performed in
the framework of the Smit—Beljers formalism [36, 37]. To account for the specific texture of the
grains determined by HRTEM analysis, some assumptions were made. First, we considered that
the magnetic units responsible for the resonance have a cylindrical shape. Given their high
aspect ratio (300 nm length, 3 nm diameter), the demagnetizing factor related to the wire axis
direction is set to N, = 0.

Considering that the c-axis of hcp Co is parallel to a (111) direction of the matrix, there are
4 possible directions for the orientation of the grains. The grains are formed by only one
crystallographic domain with a local magnetocrystalline anisotropy equal to K;,, the uniaxial
anisotropy of hcp Co. We model the response of the system as the superposition of the response
obtained for each orientation: instead of wires containing the 4 types of grains with K, locally,
we consider 4 types of wires with a single-crystalline structure and an effective magnetocrystal-
line anisotropy Kgéc”R, as illustrated in figure 5. Using this approximation, we neglect the
possible effects related to exchange at the borders of the hcp grains. Such effects are
incorporated into the value of Kf;é‘c’m, a point that will be discussed further in the next section.

The three energetic contributions for the magnetic free energy of the system are the
Zeeman energy, the magnetostatic energy, and the magnetocrystalline anisotropy. Then, the
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Figure 5. Schematics of the grain structure of the Co FNWs made of 4 types of hcp
grains with c-axis parallel to the (111) directions of the matrix. This peculiar structure is
treated in the FMR analysis as the superposition of the responses of 4 types of single
crystalline wires with an effective magnetocrystalline anisotropy.

magnetic free energy used to obtain the equilibrium position of the magnetization and as an
input for the resonance condition is: [14, 15]

M2 _ .9
F (9, ¢)=—pu,M.H + ”02 > ((1 Nz) sin 0 | N cos29)—
FMR
(1)
S

where M = Mg(cos ¢ sin 8, sin ¢p sin @, cos ) is the magnetization vector and Mg the Co
bulk  magnetization  saturation; yo, is the vacuum  magnetic  permeability;
H = H(cos ¢, sin 8y, sin ¢,, sin Oy, cos Oy) is the applied magnetic field with intensity H
and lying in the direction described by the angles (8, ¢,,); N stands for the inter-wire magnetic
coupling; [17, 38, 39] K F 7R is the magnetocrystalline constant deduced from FMR modeling
and G is a dlrector Vector of hcp c-axis that assumes in our case the values T(l 1, 1),
f( -1, 1, 1), (1 -1, 1), —( —1, —1, 1) for each one of the four possible grain directions.

Using the Smlt—Bel]ers formahsm, the resonance frequency wj can be extracted from
[36, 37]:
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Figure 6. Comparison between the simulated results (lines) and experimental results
(symbols) for K;,, = 0.7 x 10°J/m> and N, = 0.04. For the simulated results, the
different colors represent resonances of grains with different orientation.
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where y is a constant defined as y = g%” with g the gyromagnetic factor, u, the Bohr magneton

and 7 the reduced Plank constant.

For #-scan simulations, the ¢ angle was chosen in such a way that the plane probed is the
plane containing a (111) direction. The magnetization of Co derived from magnetic
measurements and evaluation of the Co volume in the sample is consistent with the bulk
value for hcep Co, within the error bar. The bulk value of the saturation magnetization of hcp Co
(1.424 x 10° Am™" at room temperature) was thus used in the simulation. It should be noted that
using this value gave good agreement in previous magnetic studies [26-30]. N and K?fm are the
adjustable parameters of the simulations.

The best agreement between simulation and experimental results is shown in figure 6 and
was obtained for K;, = 0.7 x 10°J/m> and N = 0.04.

The simulation predicts more resonances than observed in the experiments. This is due to
the fact that grains pointing in each of the four directions have different energy landscapes.
Hence, the associated resonances are not necessarily equal. This is why we observe in the
results of the simulations more than one resonance field for a given applied magnetic field. For
example, in a plane containing (111) and (001) directions (f-scan geometry) according to
simulations, it would be possible to see up to three resonances at given angles and for a ¢-scan
up to two resonances would be present.

Nevertheless, the simulations performed also showed that the difference between the
different resonance fields of different grains becomes negligible as the value of the
magnetocrystalline constant decreases. The different resonance fields, related to grains with a
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given orientation, were not experimentally observed (neither in plane nor out of plane). This
issue is discussed in the next section.

Summarizing, the FMR studies of the system confirm that the magnetic behavior is
dominated by shape anisotropy in the out-of-plane geometry. Moreover in the in-plane
geometry the results corroborate the inner structure deduced from HRTEM analysis. In the next
section we try to rationalize the value of the magnetocrystalline anisotropy contribution found
by simulations.

4. Discussion

As we mentioned in subsection III.B, the dipolar coupling among wires can be considered as an
effective demagnetizing field which enters the free energy expression, F (6, ¢), by adding it to
the demagnetizing energy term. In [29], we have calculated the coupling energy for a random
FNWs arrangement of perfect cylindrical magnetic entities. We have found that the related
anisotropy constant is 5.45x 10° J/m® corresponding to N = 0.048. However, from the FMR
best fits, we observe that the value found for N is 0.04. This fact may indicate that the dipolar
coupling is slightly weaker than that obtained from the calculations. A likely reason for this
behavior is that the embedded FNWs are not ideal cylinders and the terminations at the edges
are not sharp enough to lead to the appearance of the magnetic charge density proposed in the
model. Another reason for the dipolar coupling reduction could be the not perfectly parallel
alignment of the FNWs. [27]

From the FMR analysis, we found that the magnetocrystalline anisotropy of the system is
smaller than the bulk value K, if we take into account that the leading magnetocrystalline
constant of hep Co is 7.6 x 10° J/m® at low temperature and 4.2 x 10° J/m® at room temperature
[34]. This may be related to the grain structure of the wires and the magnetic interplay among
them, as discussed in what follows.

The effects of inhomogeneous structure and exchange coupling between the grains can be
discussed considering how the spin dynamics works within the FNWs during an FMR
experiment. When the resonance conditions are reached the sample is magnetically saturated.
This means that the magnetic moments of different grains are parallel, there are no domain walls
between grains. This fact and the existing strong coupling observed in our system lead the spins
to resonance all together and, consequently, the system can be modeled like a single magnetic
entity with an effective reduction of K;,. We now discuss the role of exchange in a more
detailed way. The exchange length, Z.,, gives a typical value for the maximum distance
between two spins that perturb each other due to exchange coupling. To understand the role of
inhomogeneity and of Z., in the FMR response of the system, let us consider the following
situation: one grain with its easy axis lying in a given direction is surrounded by other ones with
their easy axis pointing in the other possible easy directions. When the spins within this grain
reach the resonance condition, they start to precess. The precession will be felt by the spins
belonging to the other grains (out of the resonance condition) due to the exchange coupling. The
affected ones will be those that are closer than the Co exchange length, £5° ~ 5 nm [40].

The micromagnetic energy of the wires can be written as:

E = /(eex + eK + eMS + ez)dv (3)
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where e, is the exchange energy density, ex is the magnetocrystalline anisotropy energy
density, e, is the magnetostatic energy density and e is the Zeeman energy density. The effect
of exchange stiffness A at the border of the grains arises because of the distinct orientation of the
magnetocrystalline easy axis in neighboring grains. Labeling z the coordinate along the axis of
the wire and m = M/M;, we have ex =—K,,(G(z). m). G(z) describes the variation of the easy
axis direction along the axis, i.e., the fact that it is parallel to one of the (111) directions of the
matrix as described previously. It follows that G(z) exhibits abrupt variations at the border of
the grains. However, as a result of the competition with exchange, e,, = A(Vm)?, the variations
of m will be smoothed in these regions, on a length of the order of the exchange length. The
resulting effective magnetocrystalline anisotropy will then be reduced compared to Kj,,.
Taking into account this model, we propose the following expression for the energy term

related to the anisotropy K ;"% by averaging the grain magnetic behavior:

2

Exnn (0, ¢) = wi (Gi. M) , 4)

S i

where K,, is the magnetic anisotropy of each grain and it is generally assumed to be equal to
K,. i labels the grains with precessing spins. w; stands for the weight of each term which is
proportional to the amount of precessing spins in each grain. The weight for each grains
depends on the ratio of the grain length (estimated to ~9 nm for our sample) and £5° (~5 nm).
For the precessing spins that belong to the grain that reaches the resonance conditions (i = 0) we
take a value similar to the grain length. For the other grains (i = 1,2,3), the spins that also
precess are those that are located at a distance shorter than fgg’, so we take this value to calculate
the weights. Finally, by normalizing to the total length of the FNW with precessing spins we
find the w; factors (wy = 9/24, w;_,,; = 5/24). Then, it is possible to map to equation (4) in a

single contribution of the precessing grains with an averaged anisotropy, K VX :
KFMR
Aff s
Expm (6, ¢) = == (G M), 5)
Mg

where C is an angle-independent constant. Following this scheme the ratio of K EMR 1o K,,
0.16 which agrees very well with the ratio of 0.17 between KEF/%’[R 0.7 x 10° J/m ) and Klu
(42x10°J/m’) found by fitting. It is important to note that the observed reduction of
magnetocrystalline anisotropy is also derived from the magnetization reversal study as shown in
[29]. In this case, the role of exchange is observed through the domain wall width that drives the
reduction of the Co hcp magnetocrystalline anisotropy [29]. On the other hand, in FMR
experiments at saturation, domains walls are not present, however, the exchange length is
present through the coupling between grains.

The effects on the effective magnetocrystalline anisotropy of exchange can also explain
why some resonances are not seen in the FMR experiments. The different orientation would
produce different resonance field only if the grains are considered separated. On the other hand,
in the limit of strong coupling between grains only one resonance is expected as is observed in
the experiments.



Mater. Res. Express 1 (2014) 035015 P Schio et al

5. Conclusion

In summary, 3 nm wide Co nanowires were studied by FMR. The obtained results reinforce the
structural and magnetic aspects already observed, such as the fact that the magnetic anisotropy
is dominated by shape and the existence of four preferential directions for the grain structure.

Furthermore, FMR also puts in evidence that the coupling among FNWs is slightly
reduced with respect to the calculated one for an FNWs planar array, possibly due to
misalignment among wires and also to the fact that the magnetic entities are not perfect
cylinders.

Finally, FMR shows that the magnetocrystalline anisotropy is reduced compared to the
bulk one due to a direct exchange coupling among the grains.
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