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Mechanism of Localization of the Magnetization Reversal in 3 nm Wide Co Nanowires
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The mechanism of magnetization reversal has been studied in a model system of self-assembled cobalt
nanowires with a 3 nm diameter. The structure, orientation and size of grains within the nanowires could
be determined by high resolution transmission electron microscopy. The magnetic properties were probed
using static and dynamic magnetization measurements. Micromagnetic modeling based on the structural
analysis allows us to correlate the structure and the magnetic behavior of the wires, revealing competition

between shape anisotropy, magnetocrystalline anisotropy and exchange in the localized reversal within Co
hcp oriented grains. These results provide direct experimental evidence of the link between anisotropy

fluctuations and reversal localization in nanowires.
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Ferromagnetic nanowires have drawn considerable in-
terest in the past few years because of their potential
applications in data storage devices [1-6]. The magnetic
anisotropy is dominated by shape effects in a nanowire,
leading to two stable configurations of its overall magnetic
moment aligned along the axis of the wire. These two
preferential orientations make it an ideal fundamental
unit to store a bit in a data storage system. Due to the
reduced diameter of nanowires, it is foreseen that their use
may lead to increased storage densities.

However, there are hurdles to be overcome before such
objects can find their place in our everyday life. One
important step is to fully understand the relationship be-
tween the structure at the nanoscale and the magnetic
properties. In this respect, nanowires—with a diameter
falling below characteristic magnetic length scales
such as the exchange length or the domain wall width—
represent a testing ground in the field of nanomagnetism.
Theoretically, nanowires with very small diameters are
expected to behave as macrospins, keeping all their mag-
netic moments aligned and flipping as a single moment
when the field is reversed. Experimentally, this is not
observed and activation energies for reversal extracted
from magnetic measurements point towards a localization
of the reversal [2]: the magnetization starts to reverse in a
limited portion of the wire as opposed to a reversal at
unison in the whole wire. Understanding the details of
this localization phenomenon is a key point both at a
fundamental level and for applications.

The real structure of ferromagnetic nanowires (FNW5s),
accompanied by deviation from ideality (such as crystal-
line imperfection, diameter variation or misorientation), is
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thought to be responsible for the localization of the reversal
through local variation of the anisotropy [7], as illustrated
in Fig. 1(a). However, direct evidence of this link is still
missing and attempts to correlate the real inner structure
and properties at the nanoscale, an ongoing challenge of
materials science, in ferromagnetic nanowires are scarce
[8—13]. In this Letter, we study a model system made of
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FIG. 1 (color online). (a) Localization of the magnetization
reversal due to anisotropy (K) fluctuations along the wire axis, ¢
is the angle of the local magnetization with respect to the FNW
axis during reversal. (b) Schematic of the FNW assembly studied
in this Letter. (c) X-ray absorption spectra at the Co K edge of
the FNW assembly and of a reference Co hep foil. (d) Magnetic
hysteresis cycles at 20 K with field parallel (circles) and per-
pendicular (squares) to the wires.
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ultranarrow cobalt wires (3 nm diameter) embedded in a
Ce0,/SrTiO;(001) epilayer, obtained by vertical self-
assembly. We evidence the localization of the magnetiza-
tion reversal induced by fluctuation of the local anisotropy
in this model system and correlate intimately the internal
structure of the wires with the reversal mechanism.

The self-assembled embedded Co FNWs studied here,
represented schematically in Fig. 1(b), form spontaneously
during pulsed-laser deposition of Co-doped ceria (CeO,)
epitaxial films on SrTiO;(001). Details on the elaboration
and basic magnetization measurements can be found
elsewhere [14,15]. With respect to our previous works
evidencing the formation of nanowires and a possible
magnetocrystalline anisotropy contribution to the wires
anisotropy, the results presented in this Letter allow us to
gain physical insight into the reversal process through
major advances in the structure determination, magnetic
anisotropy study, and micromagnetic modeling. The nano-
wire assembly studied here has a narrow diameter distri-
bution with a mean diameter of 3 nm and the distribution of
misorientations with respect to the growth direction, [001],
is also narrow [15]. The metallic character of the nanowires
is attested by the x-ray absorption spectrum taken at Co K
edge in Fig. 1(c). The easy magnetic axis of the FNWs
assembly lies along the [001] direction, as shown by hys-
teresis cycles in Fig. 1(d). The structure of the FNWs was
studied using high resolution transmission electron micros-
copy (HRTEM). Magnetic measurements were performed
in a superconducting quantum interference device magne-
tometer (SQUID, MPMS 5S Quantum Design) and ferro-
magnetic resonance was performed in the Q band (35 GHz)
using a Bruker spectrometer.

Figure 2(a) shows a representative HRTEM image taken
along the ceria [110] zone axis, where a perturbed area
oriented along [001], due to the presence of a FNW, can be
observed. Performing fast Fourier transform (FFT) locally
along the FNW reveals the distinct patterns depicted in
Figs. 2(b)-2(d). Such patterns were consistently observed
in HRTEM images recorded in different area and pieces of
the sample. The pattern in Fig. 2(c) is the least frequently
observed, corresponding to a minority structure. It can be
indexed, revealing a cube-on-cube epitaxy of fcc Co with
ceria. The spots of the matrix (blue circles) are aligned
with the spots of a cubic structure with a 3.54 A lattice
parameter (red squares). The remaining spots are obtained
by considering multiple diffraction (each diffracted beam
in the matrix can be diffracted as a primary beam in the
embedded object). Thus, locally in some minor portions
of the FNWs, Co is present in its cubic form, aligned
with CeO,.

The other patterns can then be indexed considering the
fcc-hep transition of Co. During this transition, the [111]
fce direction is transformed into the [0001] direction of the
hep structure (c axis). Labeling C* as the base vector along
the hexagonal axis of the reciprocal lattice of hcp Co, the
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FIG. 2 (color online). (a) HRTEM cross-sectional image of an
embedded FNW taken along the ceria [110] zone axis.
(b)—(d) Local diffraction patterns obtained by FFT in zones
labeled 1-3 in (a), with the indexation of these patterns con-
sidering multiple diffraction in ceria and hcp Co with ¢ axis ||
[111] (b), fcc Co aligned with ceria (c), hcp Co with ¢ axis ||
[111] (d). (e),(f) Filtered images (on 0002 Co hcp spots)
revealing the distribution of tilted hcp grains inside the FNW.

patterns of Figs. 2(b) and 2(d) can be indexed by consid-
ering hep Co with C* || [111] and C* || [11 1], respec-
tively. Filtering the HRTEM images on the hcp 0002 spots
allows us to reveal the spatial extension of the hcp Co
grains along the FNW axis, as shown in Figs. 2(e) and 2(f).
This structural analysis shows that the FNWs are made of
Co hcp grains with their hexagonal c¢ axis aligned along a
(111) direction of the matrix (within *+3° from repeated
measurements performed on distinct nanowires). These
grains are separated by fcc regions or stacking faults
and multiple twinning. The uniaxial magnetocrystalline
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anisotropy (MCA) of hcp Co, Ky, is of the same order of
magnitude than the shape anisotropy of the FNWs, K. By
contrast, the MCA of fcc Co is much weaker. Therefore, in
tilted hep grains (c axis at 54.7° from the FNW axis), K,
and K; will compete. Thus, the internal structure of the
wires results in a system with strong fluctuations of the
local anisotropy along the axis. We now turn to the study of
the magnetization reversal.

The evolution of the coercive field, measured along the
easy axis, with the temperature is depicted in Fig. 3(a). The
data could not be fitted properly using Sharrock’s formula,
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FIG. 3 (color online). (a) Variation of the coercive field with
the temperature (disks) and fits assuming a temperature in-
dependent energy barrier for reversal (black line m = 3/2 and
dashed line m = 2). (b) Width of the switching field dis-
tribution uyAH,, (squares) and magnetocrystalline anisotropy
(Ky,) of hep Co (thick gray line) as a function of the
temperature. Inset: switching field distribution at 7 = 20 K.
(c) Magnetic viscosity as a function of the temperature. Inset:
magnetization decay obtained at 300 K and 0.0625 T.
(d) Variation of the activation volume for reversal as a function
of the temperature. (e¢) Schematic illustrating the directions of
the ¢ axis in two hcp grains within FNWs and their projection in
the (001) plane. (f) Angular dependence of the resonance field
recorded by FMR in the (001) plane.

woH,. = uoHy[1 — (25kzT/E)"/™][16] and considering a
temperature independent energy barrier E for reversal,
neither with m = 2 nor with m = 3/2. This indicates that
the energy barrier depends on the temperature. As the
magnetostatic contributions to the anisotropy scale as M?2
(M, saturation magnetization) which is constant in the
temperature range studied, this variation of E with T can
be related to the K, (T) variation, reproduced in Fig. 3(b)
along with the width of the switching field distribution,
MoAH,(T). mwoAH,(T) is constant at low temperature
and drops beyond 150 K. This temperature corresponds
also to the onset of a drop in K;,(T). The switching field
distribution is closely related to inhomogeneities in the
system. In the present case, the wires are made of tilted
hcp grains where K, and K, compete locally, giving rise to
a distribution of energy barriers. According to this picture,
the weakening of K, (T) induces a drop of uoAH,,(T).

In order to get more insight into the reversal mechanism,
magnetic viscosity measurements were carried out [17].
The magnetic viscosity S(H, T) was extracted from mag-
netization decay [M(r) = M(ty) — S(H, T)In(z/t,)] per-
formed in a broad range of temperatures and fields.
Smax(T), the maximal value of the magnetic viscosity at a
given temperature 7', is plotted in Fig. 3(c). In the case of a
temperature independent distribution of energy barriers,
Smax(T) should depend linearly on T [17]. Clearly, this is
not the case and a drop in S, (7T) is observed beyond
150 K. More information on the reversal can be extracted
from S and from the irreversible part of the susceptibility
Xire [18]. The activation volume for reversal V* can be
derived using the relation V* = kgT xi./ oM,S. The re-
sults are given in Fig. 3(d). V* is much smaller than the
physical volume of a FNW ( ~ 2500 nm?), indicating that
the reversal is localized. Again, two regimes are observed,
below and above 150 K [19]. The weakening of the local-
ization of the reversal at higher T can be related to the drop
of K, that leads to a damping of local variations of the
anisotropy along the wires axis.

The fact that K;, contributes to the anisotropy of the
system has been confirmed by ferromagnetic resonance
measurements. If the magnetic anisotropy contains only
dipolar contributions, then the resonance field probed in
the plane of the epilayer (perpendicular to the wires)
should not depend on the direction of the applied magnetic
field. By contrast, a K;, contribution with the ¢ axis
parallel to the (111) directions of the matrix should lead
to the appearance of in plane easy axis (with lower reso-
nance fields) along the [110] and [1 10] directions, as
illustrated in Fig. 3(e). This is exactly what is observed,
as shown in Fig. 3(f), confirming the MCA contribution to
the total magnetic anisotropy.

Using inputs from the structural and magnetic studies,
we now turn to the modeling of the localized reversal of
magnetization and determination of the nucleation field in
the FNWs. In grains having their ¢ axis tilted with respect
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to the FNWs axis, the MCA of hcp Co could play against
the shape anisotropy. We thus make the assumption that the
localized reversal may occur within such tilted grains. The
magnetic anisotropies are described as shown in Fig. 4(a):
we treat the FNWs in the framework of a mean field
approximation, gathering the shape anisotropy and dipolar
interactions in a single magnetostatic anisotropy, K,,, and
we consider a distribution of MCA reaching its maximum
value (K;,) at the middle of an oriented grain and vanish-
ing outside. The shape anisotropy is given by Kg =
(ro/4)M3. The other magnetostatic contribution, Ky, is
related to the dipolar interactions between wires that also
scales as M2. It has been shown that K and K, can be
merged in a single contribution as K, = Kg + Ky, =
(mo/4)M2(1 — 3P) where P is the porosity (volume frac-
tion occupied by the wires) of the FNWs assembly [20].

The magnetic free energy of a FNW, E, can then be
expressed as:

) ox

E_ [{A(%>2 + E, (¢, x) — MOMchosq’J}dx @))

where s = 7R? is the section of FNW with radius R, A is
the exchange stiffness, and ¢ is the angle between the
magnetic moments and H applied along the wires axis.
E, is the anisotropy energy density, modeled as:

Ea(d)’ )C) = _KmCOS2¢ - KM(X)COSZ(¢ - 0) (2)

with K,(x) the position-dependent contribution of Co
MCA and 6 = 54.7° the angle between the ¢ axis and
the wire axis, according to our structural study. Taking
K,(x) = K, exp(—x*/€?) allows us to model the contri-
bution of a hcp grain inserted between two regions where
the effect of magnetocrystalline anisotropy vanishes (grain
boundaries, stacking faults, fcc grains. . .). Minimization of
this magnetic free energy can be achieved through solving
the corresponding Euler equation [21,22]. The nucleation
field woH, can then be determined as:

_ 2K, 2Kj,|lcos26)| N Opw 2K,/ cos26|
M; M; m{ M;

MOHn (3)

where Spw = 7+/A/K,, is the domain wall width in hcp
Co. puogH, can be written as the sum of three terms, each of
these three terms can be identified: the first one is related to
shape anisotropy, the second is a drop related to the effect
of magnetocrystalline anisotropy in the grain with tilted ¢
axis that plays against shape anisotropy, the last one is
related to the increase in exchange energy at the borders of
the flipping region where magnetic moments are not par-
allel anymore.

In order to evaluate K,,, we need to take into account the
dipolar coupling between wires. Following Ref. [20], from
the measured value of the porosity P of the assembly, we
get K,, =5.51 X 10° J- m™3. We also performed mean
field calculations of the dipolar field, considering an

assembly of 150 nm-long FNWs randomly distributed
where the density was set to the one measured by TEM
[from analysis of plane view images such as the one in
Fig. 4(b)]. The area of the considered assembly was
7 X 7 wm?. The wire length was set equal to half of the
film thickness. We also estimated the influence of the
FNWs’ length by performing additional calculations for
300 nm-long and 75 nm-long FNWs and found that the
dipolar magnetic energy changes only by about 5%. On the
other hand, the energy is highly dependent on the nanowire
density (related to the mean distance between wires) and
on the FNW magnetization. From such calculations, we get
a mean value of K,, = 5.45 X 10° J- m~3, in very good
agreement with the preceding result. Although the method
used to evaluate the dipolar coupling may be crude, the
estimated value of the dipolar field, woHg, = 2Kgip/ M, =
0.14 T, is consistent with the width of switching field
distribution at 300 K (0.17 T) which gives an upper bound
for woHgyp [as poAH,(T) results from dipolar coupling
and an intrinsic width related to the wires structure].

Using the values available in the literature for the mag-
netic parameters of Co, the value of ugH, can then be
evaluated. For € = 10 nm, we get uoH, = 0.63 T which
matches very well with the coercive field extrapolated at
0 K (~ 0.6 T). Also, the value of € is consistent with the
size of the hcp grains detected in TEM images which is of
the order of 5-20 nm, as shown in Fig. 4(c). Moreover,
grains of 10 nm length and 3 nm diameter correspond to
volumes of ~70 nm?. This is fully consistent with the
activation volume at low temperature extracted from vis-
cosity measurements, Fig. 3(d).

From the model, we can deduce also the effective mag-
netocrystalline anisotropy inside the wires, given by:

i)
Kesr = K1u<l - ¢)- 4

Tl4/f| cos26)|

The magnitude K. is lower than K;, due to the extra
stiffness added by exchange at the border of the grains.
This trend is confirmed by preliminary analysis of the FMR
measurements that leads to a magnetocrystalline anisot-
ropy contribution lower than K.

<L>=9.2nm
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FIG. 4 (color online). (a) Model anisotropy distribution used to
compute the nucleation field. (b) Typical energy filtered plane
view TEM image used to measure the mean distance between
wires. (c) Size distribution of the hcp Co grains.
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Before concluding, we comment on the origin of the
drop in uoH (T) observed at higher temperature. Because
of the localization of the reversal, the nanowires can be
viewed as entities with effective anisotropy and volume,
leading to a finite blocking temperature. Above this block-
ing temperature, higher than 400 K here, the coercive field
vanishes and the system is superparamagnetic. However,
this point may deserve further investigation as other effects
could be the source of the high temperature behavior.
Considering the reduced diameter of the nanowires, finite
size effects may also play a role here [23,24]. Indeed, in Ni
FNWs, a dramatic decrease of the Curie temperature when
the diameter is reduced has already been reported [25].
This effect arises because the diameter of the FNWs acts as
a cutoff for the correlation length at the ferromagnetic
transition. In the case of 3 nm diameter cobalt nanowires,
estimations of the Curie temperature, using data available
from size effects studies on ultrathin Co films [24,26,27],
indicate that the Curie temperature should remain substan-
tially higher than 400 K.

In conclusion, the mechanism of localization of the
magnetization reversal could be determined and correlated
to the real nanoscale wire structure of a Co FNW assembly,
establishing the link between anisotropy fluctuation and
reversal localization. From these results, it is anticipated
that the control of the wire structure (increase of grain size
or stabilization of the fcc phase) could lead to a behavior
closer to reversal at unison. Further studies are currently in
progress in order to control the structure of self-assembled
embedded wires, as well as to explore its impact on the
magnetic properties.
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