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Magnetic response of cobalt nanowires with diameter below 5 nm
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The structural and magnetic properties of cobalt nanowires embedded in epitaxial CeO, layers are investi-

gated. Combining electron microscopy with x-ray absorption spectroscopy, we show that polycrystalline me-
tallic Co nanowires are formed during the growth. These nanowires are oriented in average along the growth
axis with a misalignment distribution, have a predominant hcp structure and a narrow distribution of diameters.
Their magnetic properties are overall dominated by shape effects with an easy axis oriented along the mean
direction of the wires axis. The reversal mechanism is studied in details for samples with 3 and 5 nm mean

diameters. The competition between shape and magnetocrystalline anisotropies is evidenced at 3 nm diameter.
Upon reduction in the lateral dimensions, the nanowires tend to behave like aligned Stoner-Wohlfarth elon-
gated particles with effective uniaxial anisotropy resulting from this competition.

DOI: 10.1103/PhysRevB.82.094436

I. INTRODUCTION

Ferromagnetic (FM) nanowires (NWs) have been the sub-
ject of intense research in recent years.'* Such objects could
be used as fundamental units in magnetic storage devices.
Also, alternating FM metals and paramagnetic ones along the
NWs axis led to the successful design of nanopillar exhibit-
ing giant magnetoresistance.> The most commonly used
methods to fabricate such NWs consists in filling the pores
of a template, made of polymers or porous alumina, with an
electrodeposited FM metal.>~” Such growth technique leads
to regular pattern of NWs with length in the micron range.
However, the geometry of the pattern is intimately linked to
the characteristics of the template. As the size of the pores
and the mean spacing between pores vary in the same way, it
is not possible to adjust independently the diameters and the
spacing of the NWs. Also, most of the studies reported in the
literature deal with NWs having diameter above 5 nm.>*

In this paper, we report on the structural and magnetic
properties of embedded cobalt nanowires fabricated using a
novel bottom-up self-assembly technique. These NWs form
spontaneously during pulsed-laser deposition (PLD) of Co-
containing CeO, epitaxial films on SrTiO5(001).® Such a fab-
rication method allows us to reach very reduced diameters.
In what follows, the structural and magnetic properties of
two samples, labeled d3 and ds, are studied. These NWs as-
semblies have a narrow distribution of diameters, centered
on 3 nm for d; and 5 nm for ds.

This paper is organized as follows: after a brief descrip-
tion of the experimental techniques used to grow and analyze
the samples, we discuss their structure in details. Then we
analyze the magnetic properties of the embedded Co NWs
assemblies, evidencing distinct variation in H,. as a function
of T when the diameter reaches 3 nm. We show that the
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magnetization reversal can be explained by taking into ac-
count the competition of shape anisotropy and magnetocrys-
talline anisotropy.

II. EXPERIMENTAL

Cobalt-containing CeO, epilayers were grown on
SrTiO5(001) substrates by PLD using a KrF laser (wave-
length 248 nm) operating at 2 Hz. CoO and CeO, targets
were used. The first step of the growth is the deposition of a
pure CeO, buffer (thickness 4 nm) under 5 X 1072 mbar oxy-
gen at 650 °C. Such a procedure was used in order to obtain
epitaxial CeO,/SrTiO5(001) thin films, as reported
previously.” After this first step ensuring epitaxial growth of
the matrix, Co-containing CeO, was grown at a pressure
lower than 107> mbar. For the growth of 5 nm diameter
nanowires, the temperature was 650 °C. Reducing the
growth temperature led to a reduction in the NWs diameter
down to 3 nm. This issue will be detailed in a separate pub-
lication. Tuning the ratio of laser shots on the CoO and CeO,
targets enabled us to adjust the Co content in the epilayers.
The real Co content was determined by Rutherford back-
scattering calibration as ~85% of the nominal content given
by the percentage of laser shots on the cobalt containing
target. The same 12.5% Co content was used for the d; and
ds samples.

X-ray reflectivity measurements were carried out in order
to evaluate the quality of the films. The measured rugosity
was 0.3 nm and no porosity was detected. The density of the
epilayers was the same as that of CeO,. High-resolution
transmission electron microscopy (HRTEM) and energy-
filtered TEM (EFTEM) data were acquired using a JEOL
JEM 2100F equipped with a field-emission gun operated at
200 kV and a Gatan GIF spectrometer.
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FIG. 1. (Color online) (a) Scheme of the structure of epilayers
containing embedded cobalt NWs. 6 is the misalignment of the
wires defined as the absolute value of the angle between the wire
axis and the growth direction [001]. (b) Typical EFTEM cross sec-
tion showing aggregation of cobalt in thin wires with long axis
running along directions slightly misaligned with respect to the
growth direction (indicated by an arrow). Inset: zero loss image. (c)
Typical plane-view EFTEM image. (d) EELS spectrum at cobalt L
edge of a sample containing NWs (O) and of a reference cobalt
sample (thick line).

Magnetic measurements were performed in a supercon-
ducting quantum interference device magnetometer [Mag-
netic Property Measurement System (MPMS) 5S Quantum
Design]. The data were corrected by removing the high-field
slope related to the diamagnetic contribution of the substrate.

X-ray absorption near-edge spectroscopy (XANES) and
extended x-ray absorption fine structure (EXAFS) data (in
the Co K-edge spectral range) were collected on the SAMBA
beamline of Synchrotron SOLEIL (St. Aubin, France). The
beamline uses two Pd-coated mirrors for collimating the
white beam on the monochromator and focusing the mono-
chromatic beam down to the sample. The sagittally focusing
monochromator used was a Si 220 fully tuned while mirrors
were used to reject the harmonics. Dynamic sagittal focusing
was used in order to keep the beam size constant over a scan.
The impinging x-ray intensity was monitored by an ioniza-
tion chamber containing a mixture of nitrogen and helium
and the K fluorescence intensity by a silicon drift detector.
Opting for fluorescence detection allowed us to probe the
whole epilayers. The main experimental difficulty was due to
the fluorescence of the ceria matrix that is quite close to that
of cobalt, therefore an aluminum foil was used to reduce the
contribution of the lower energy lines. Nonetheless, the co-
balt fluorescence was still a small contribution. XANES data
analysis was performed with theoretical standards calculated
with FEFF 84 (Ref. 10) and EXAFS data analysis with the
IFEFFIT package.!!

III. STRUCTURE OF NANOWIRES
A. Transmission electron microscopy

Co segregation occurs during the growth of doped CeO,
epilayers, resulting in an assembly of NWs, as sketched in
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FIG. 2. HRTEM cross section showing Co NWs within the
CeO, matrix for samples with NWs of different diameters: (a)
sample d; with 3 nm and (b) sample ds with 5 nm.

Fig. 1(a). We define 6, the misalignment of the wires as the
absolute value of the angle between the long axis of a wire
and the growth direction that corresponds to the [001] direc-
tion of the SrTiO; substrate.

The formation of NWs, with length in the 100 nm range,
is evidenced by EFTEM images, taken at Co L edge, in cross
section and plane views [Figs. 1(b) and 1(c)]. As evidenced
in Fig. 1(b), the NWs are not perfectly aligned on the growth
direction, most of them grow in directions deviating slightly
from [001]. The shapes of the spot corresponding to wires in
the EFTEM plane view are not identical: some are circular
while others are elliptic. This is due to the orientation distri-
bution: a wire oriented along the growth direction will be
seen as a circular spot in the plane view and a slanted wire
will appear as an elliptic spot.

Filtered images allow us to map the Co location. In order
to determine the valence state of Co in the wires, we also
performed electron-energy-loss spectroscopy (EELS) during
TEM experiments. The EELS spectra of NWs containing
samples and reference Co metal are quite similar at Co L
edge, indicating that the NWs are made of metallic cobalt
[Fig. 1(d)].

HRTEM cross-section views of the embedded NWs are
displayed in Figs. 2(a) and 2(b), evidencing NWs with dif-
ferent diameters. We note that due to (i) the misorientation of
the grains in NWs with respect to the epitaxial CeO, layer
and (ii) multiple electron scattering, it is quite difficult to
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FIG. 3. (Color online) [(a) and (b)] NWs diameters measured in
different zones of sample d5 and ds, respectively. [(c) and (d)] Mis-
alignment distribution for sample d; and ds, respectively.

derive information on the grain size and orientation distribu-
tions from TEM cross sections. This issue deserves further
investigation and is currently being explored in detail.

Figures 3(a) and 3(b) show measurements, performed on
EFTEM images, of the wire’s diameters in sample d5 and ds,
respectively. Since the error bar in these measurements and
the dispersion of the values are of the same order of magni-
tude, we do not present the results in the form of histograms.
Such diameter measurements were repeated in different
zones of d5 and d5 and indicate narrow distributions centered
on mean diameters of 3 and 5 nm for d; and ds, respectively.

The misalignment distributions in samples d; and ds are
given in Figs. 3(c) and 3(d), respectively. From the widths of
the distribution, it is evident that the wires are better oriented
in sample d5 than in sample ds.

B. X-ray absorption spectroscopy at Co K edge

Having established the formation of metallic cobalt nano-
wires within the samples, we now examine their structure in
a more detailed way. Indeed the determination of the crystal-
line structure of Co is important because it is intimately
linked to the magnetic properties. Cobalt is usually found to
crystallize in a hep structure at room temperature and ambi-
ent pressure. However, above 425 °C a phase transition oc-
curs leading to the transformation in a fcc structure. It is not
uncommon to find fcc Co embedded clusters in composite
samples because of a quenching of the fcc-hcp transition
during the cooling phase following growth as in the case of
Co clusters in Ag.'? Contrary to fcc Co, hep Co has a strong
uniaxial magnetocrystalline anisotropy, directed along the ¢
axis, K| ,. At low temperature, K| ,=7.6 X 10° J m~, of the
same order of magnitude as the shape anisotropy, Kg, ob-
tained when considering an infinitely long Co wire: Kj
=(uo/4)M?=6.6X10° J m™> (M, is the saturation magneti-
zation). As both energies fall in the same range, it is impor-
tant to determine whether Co exists under the fcc or hcp
structure within the embedded NWs.

To address this issue, we have used x-ray absorption spec-
troscopy. Before presenting the results, we note that x-ray
diffraction studies did not allow us to detect cobalt in our
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FIG. 4. (Color online) (a) k-weighted EXAFS spectra of dj
(thick gray line) and of a Co foil (thin gray line). (b) Fitted EXAFS
Fourier transforms obtained for d (thick gray line) and the refer-
ence sample (thin gray line) at the Co K edge. Dashed lines are fits.

samples, indicating a polycrystalline state. We present in
what follows x-ray absorption data recorded at the Co K
edge on the d5 sample and a hep Co foil reference sample.
These data can be observed from two points of view:
EXAFS and XANES. In the EXAFS part, the analysis is
quite straightforward, the oscillations of the sample and ref-
erence match very well as shown in Fig. 4(a), and the signal
was simulated by a Co single shell surrounding the Co ab-
sorber, Fig. 4(b). Oxygen is not detected as shown by the
absence of Co-O related peak in the Fourier-transformed sig-
nal. This proves that most of Co atoms have not entered the
CeO, structure. At the same time, the Co-Co coordination
number is quite low and it could be ascribed to the small size
of the Co segregate. If we suppose that Co is in the form of
spherical particles we can use a simple formula to obtain the
mean particle diameters given in Table I: N:lZ(l—% ,
where N is the coordination number, R the interatomic dis-

TABLE 1. Parameters deduced from fitting the EXAFS and
XANES data for a reference sample (metallic Co foil) and d3. N:
coordination number, R: interatomic distance, E,: edge shift, and
D: deduced grain diameter.

R E, D
N (A) (eV) % Co? (nm)

Foil 12.5 2.488(6) -1(1) 100

ds 8.9(7) 2.486(5) -1(1) 99(1) 1.6(4)

4Co hcp percentage as evaluated by comparing the XANES spec-
tra of the samples to the reference spectrum of hcp cobalt.
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FIG. 5. (Color online) (a) Co K-edge XANES spectra obtained
for d3. The thin black line is the reference spectrum obtained from
a Co foil. [(b) and (c)] Calculated spectra for (b) hep and (c) fee Co.

tance, and D is the particle diameter.!> The use of this for-
mula and the assumption of spherical particles is certainly a
crude approximation but it nevertheless gives a rough
estimate—or lower value—of the dimensions of the grains
constituting the NWs, confirming their polycrystalline char-
acter.

As shown in Fig. 5(a), the XANES spectrum of dj
matches that of an hcp Co foil quite well. The effect of the
fcc/hep phase transition is not much visible in the EXAFS
especially if it is not possible to analyze an epitaxial growth
and take advantage of x-ray polarization to undercover the
anisotropy of hcp with respect to fcc. In our case all signals
are isotropic under all angles with respect to sample surface
(data not shown). But in the XANES region the difference
between hcp and fcc is much more evident, even for disor-
dered or statistically oriented systems and it is due to the
difference in the arrangement of multiple-scattering paths.
This is illustrated in Figs. 5(b) and 5(c) where two ab initio
calculated XANES spectra for hep and fec structures are de-
picted, the peak marked by an arrow is much more pro-
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nounced in the fcc form than in the hep in agreement with
other studies.'> Comparing such simulated spectra with the
one obtained on NWs and on the reference, we deduce that
Co crystallizes mainly in the hcp arrangement with possible
minority fcc regions that cannot be completely excluded. The
results from XANES and EXAFS analysis are summarized
in Table L.

C. Summary of TEM and XAS results

From what precedes, we can deduce the following infor-
mation about the structure of the NWs in d5 and ds: (i) the
NWs are oriented in average along the growth axis with a
misalignment distribution (this distribution is more narrow
for d; than for ds); (ii) they are made of metallic Co; (iii) d;
and ds have diameter narrow distributions centered on 3 nm
and 5 nm, respectively; and (iv) they have a polycrystalline
structure with a vast majority of hcp grains and possible
trace of fcc ones.

IV. MAGNETIC RESPONSE
A. Hysteresis loops of d; and d5

Figure 6 shows the hysteresis loops, taken at different
temperatures, with the applied field perpendicular (out of
plane, OP) and parallel (in plane, IP) with respect to the
surface of samples [(a) and (b)] d5 and [(c) and (d)] ds. The
measurement geometry is depicted in Fig. 6(e). The square-
ness of the loops, defined as the ratio of remanence and
saturation magnetization (M,/M,), is given in Table II. For
both samples, the hysteresis loops have higher squareness in
the OP direction, i.e., along the mean value of 6. This corre-
sponds to the usual behavior observed in oriented magnetic
wires assemblies with low dipolar interactions between wires
and indicates that the magnetic anisotropy is overall domi-
nated by shape anisotropy with an easy axis along the =0
direction.

Although it is clear that the easy axis is along the growth
direction and that the (001) plane of the SrTiO5 substrate is a
hard plane, the shape of the hysteresis loops deviates some-
what from the ideal case (corresponding to a perfectly square
OP loop and a linear, closed, IP loop). For d; and ds, sheared
loops with a trapezoidal shape are observed in the OP direc-
tion. There is obviously a switching field distribution that can
be obtained by taking the derivative of the magnetization
with respect to the applied field. The mean value of the
switching field uyH,, and width uyAH,,, of the distribution
can be extracted from a Gaussian fitting of dM/dugH, as
shown in Fig. 6(f). The results of this analysis are listed in
Table II.

The origin of the OP loops shape and switching field dis-
tribution can lie in: (i) misalignment of wires with respect to
the OP direction, (ii) dipolar interactions between wires, and
(iii) inhomogeneities, with some wires having switching
fields deviating from the mean value. The last effect is inti-
mately connected with the structural quality of the wires:
defects can act as nucleation centers and lead to early flip-
ping of wires while increased crystalline quality generally
results in enhanced value of the switching field.
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FIG. 6. (Color online) Magnetic response of the d; NW assembly. Hysteresis curves for field applied (a) parallel, IP, and (b) perpen-
dicular, OP, to the film plane at different temperatures. [(c) and (d)] Same as (a) and (b) but for the ds NW assembly. Black lines: cycles
measured at 7=20 K, gray lines 7=100 K, dashed lines 7=300 K. (e) Schemes of the IP and OP configuration. (f) OP switching field

distribution of ds at T=100 K (squares) with Gaussian fit (line).

A broad misalignment distribution has also an impact on
hysteresis loops in the hard direction, causing an opening of
the cycles. The IP cycles of ds show a strong opening while
those of d; are quite closed with very low squareness. This
can be rationalized by taking into account the orientation
distributions of d; and ds. A substantial ratio of wires have a
strong misalignment in ds, this lies at the origin of the ob-
served opening of the IP loops in this sample. Indeed the
squareness in the IP direction is clearly correlated with the
width of the orientation distribution of the wires for d; and
ds.

Strong dipolar interactions between wires can cause an
inversion of easy axis in NW ferromagnetic assemblies with
the axis of wires becoming a hard axis when these interac-
tions become dominant. This has indeed been observed in
assemblies with high density and very long wires (micron
length and over).!* In the present case, the easy axis of d;
and ds remains oriented along the average direction of the
wires axis. This indicates that the shape effect is still the

dominating term when compared to the magnetostatic cou-
pling between wires.

Contrary to the effect of misorientation and dipolar inter-
actions, the effect of structural inhomogeneities on the loops
shape and switching field distribution can depend sensitively
on the temperature. Fluctuation of the crystalline orientation
along the wires axis and among wires can result in an inho-
mogeneous distribution of magnetic anisotropy energy
through temperature-dependent terms linked to the magneto-
crystalline anisotropy. In the case of ds, woAH,, exhibit a
small drop with increasing temperature, indicating limited
effects related to the crystalline texture. This is not the case
of d; for which a sharp drop of ©yAH,, is observed at 300 K,
falling from 0.38 to 0.17 T. This could indicate that the in-
ternal crystalline structure of wires in d5 have a substantial
impact on the magnetic response. We will discuss this point
further in the following sections devoted to the magnetiza-
tion reversal mechanism in d3 and ds.

TABLE II. Summary of magnetic data for ds and d; samples.

T
Sample (K) Squareness, OP Squareness, IP uoHy,, (T), OP roAHg, (T), OP
ds 20 0.80 0.31 0.238 0.285%0.010
ds 100 0.79 0.29 0.195 0.271£0.010
ds 300 0.80 0.15 0.131 0.210£0.005
ds 20 0.92 0.13 0.468 0.375%0.011
ds 100 0.84 0.08 0.224 0.386 £0.016
ds 300 0.36 0.04 0.030 0.173 £0.007
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B. Coercive field and magnetization reversal
1. Reversal mechanism in ferromagnetic nanowires

We begin this section by a short glimpse on the magneti-
zation reversal mechanism in nanowires. Our purpose is not
to give an extensive review of the field here, for complete
reviews we refer the reader to Refs. 3 and 4. Due to their
high aspect ratio, the magnetic properties of ferromagnetic
nanowires are dominated by shape anisotropy.* The funda-
mental issue of the magnetization reversal mechanism of
these objects has been much studied recently.'>2> Consider-
ing a perfect nanowire, it can be shown theoretically that a
transition between reversal via curling mode at high diameter
d and coherent uniform rotation occurs when d falls below a
critical value d,,;=24A/ MOM?, where A is the exchange
stiffness.?3> This reversal mode through coherent rotation is
delocalized: it extends throughout the whole wire.

Experimental studies performed on NWs assemblies as a
function of the diameter have confirmed the occurrence of a
transition when d<d,,;.'” Below this critical value, the de-
pendence of the coercivity on the temperature could be fitted
quite satisfactorily using equations derived in the framework
of thermally activated reversal through coherent rotation.
However, the results deviates from the Stoner-Wohlfarth
model of uniform delocalized coherent rotation reversal:%®
the activation volume is found to be two order of magnitude
lower that the physical volume of the NWs and the coercive
field at low temperature is roughly one third of the predicted
value (i.e., the anisotropy field). Studies performed on indi-
vidual NWs also evidenced that the reversal is a localized
process.”’ These results can be rationalized by taking into
account the defective structure of the wires giving rise to
localization effects. The reversal occurs via a coherent
mechanism in localized regions with reduced dimensions as
compared to the physical size of the NWs.

2. Contributions to the magnetic anisotropy energy
of ferromagnetic Co nanowires assemblies

The main contribution to the anisotropy is the shape an-
isotropy, given by Kg=(uo/4)M-. In the case of cobalt, K
=6.6% 10> J m~>. Another magnetostatic contribution is re-
lated to the dipolar interactions between wires. In the case of
a regular array of NWs, it can be shown that dipolar coupling
leads to a contribution Kdip=—3.15(,u0/4)pr2L/ 6, where L
is the length of the wires, p is the radius of wires, and & the
mean distance between neighboring wires.'* We note that in
the present case this simple formula may overestimate the
dipolar interactions because the d; and ds NWs assemblies
are not ordered in the plane and there is some orientation
distribution. Ky and K, have the same dependence with
respect to M and can be merged in a single contribution as
Km=K5+Kd,-p=(,u0/4)Mf(1—3.15p2L/5). From this expres-
sion, it is obvious that strong dipolar coupling (for large L
and small &) can induce a switching of the easy axis into a
hard one (if K,,<0). In the present case, the magnetostatic
contribution K,, is positive and is overall still dominated by
shape effects since the easy axis is oriented along the average
axis direction of the NWs assemblies. Indeed, taking L as
half the thickness of the films and using & values obtained for
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FIG. 7. (Color online) Coercive field (OP) as a function of tem-
perature (gray O) and fits to Eq. (4) for (a) ds sample and (b) d;
sample. The temperature dependence of K , is given in the inset of
(b), adapted from Ref. 28.

ds and ds gives a |Ky;,|/ K ratio on the order of 20-30 %. A
more precise estimate would require to take into account the
orientation distribution and the effect of in-plane disorder. To
conclude with the magnetostatic anisotropy, an important
point is that it does not depend on the temperature in the
range where M, is constant.

Contrary to the previous contributions, the magnetocrys-
talline anisotropy may depend strongly on the temperature.?®
K, ,, the uniaxial magnetocrystalline anisotropy of hcp Co, is
roughly constant below 200 K and decreases beyond this
limit, as shown in the inset of Fig. 7(b). Depending on the
crystalline orientation of hcp Co within the wires, this term
can enhance the total anisotropy or compete with the mag-
netostatic term: if the ¢ axis of cobalt is along the wire axis,
then both contributions add; if the ¢ axis lies perpendicular to
the wire axis, then K , plays against the magnetostatic term.

3. H.(T) law for thermally activated reversal
through coherent rotation

Considering the fact that d.;,=15 nm for Co, we will
analyze the reversal mechanism in d3 and ds in the frame-
work of coherent rotation.

In cases where the magnetic anisotropy is dominated by
the contribution arising from the shape, the variation in the
coercive field with temperature can be modeled as'
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TABLE III. Parameters deduced from fitting the H.(T) data for ds and d5 samples.

HoHo Ey v Ui 4

(T) (eV) m (nm?) (nm?) (nm)
ds 0.26 1.6 1.5 700 0 30
ds 0.63 1.1 2 190 110 27

M(T 25k, TM? , |''"
v ] [0,

where H_ is the coercive field at 0 K, E, the energy barrier
for reversal, related to shape anisotropy, M(7) and M, the
saturation magnetization at temperature 7 and 0 K, respec-
tively. The value of m is in general equal to % In the special
case of aligned Stoner-Wohlfarth particles, m=2.

As dipolar and shape contribution have the same M?(T)
dependence, including the effect of dipolar coupling can still
be modeled in the same way. E, simply results from the
balance of these two terms. Neglecting the variation in the
saturation magnetization [M (T) is roughly constant in the
temperature range studied], we have

25k,T ™
HC(T)=HC,O{1—< EB> }

0

(2)

We also take into account the influence of the magnetocrys-
talline anisotropy, limiting our analysis to the effect of the
leading term, K ,. This is indeed justified by the results of
the structural analysis showing that Co crystallizes in the hcp
structure. Including the effect of magnetocrystalline aniso-
tropy, we can write the energy barrier as

E*ZEO_’”KI,W (3)

where 7 scales as a volume. The sign of the K , contribution
reflects the assumption of an orientation of the ¢ axis of hcp
Co leading to a competition between magnetostatic and mag-
netocrystalline contributions. The coercive field can then be

fitted using
25kgT \m
HC(T)=HC,0{1—< Ef) }

(4)

4. Variation in H, with the temperature in d3 and ds

Comparison of the magnetic behavior of the two samples
reveals two striking differences: (i) at low temperature, the
coercive field, H,, in the OP direction is much lower for the
ds sample (~0.2 T) than for d3(~0.5 T); (ii) while H, de-
creases slowly with increasing temperatures for NWs of 5
nm diameter, it drops sharply for NWs of 3 nm. This is best
seen in Fig. 7 where H,. is plotted as a function of the tem-
perature for the two diameters.

The evolution of the coercive field with 7 has been fitted
using Eq. (4) for both samples. Considering ds, fitting H(T)
gives satisfactory results with 7=0: the evolution of the co-
ercive field is quite well reproduced both for m=% and m
=2, as shown in Fig. 7(a). Both exponents lead to roughly
the same values of H.o, and Ey:Ep=1.6 eV (1.9 eV),

moH,. =026 T (0.28 T) for m=%(m=2). The good agree-
ment indicates clearly that the evolution of H, can be repro-
duced by considering a temperature-independent energy bar-
rier related to K,,. The values obtained for £y and H,, are
also in quite good agreement with previous measurements by
Zeng et al.'’ for NWs with diameter below d,,;=15 nm
down to 5.5 nm (E,=3 eV for 5.5 nm diameter and
moH,.0=0.32 T, roughly one third of the anisotropy field).
The major difference in our case lies in the fact that both
m:% and m=2 power laws fit the data in contrast to the clear
failure of the quadratic law reported previously.

Reducing the NWs diameter reveals a change in the evo-
lution of H, with temperature. For the 3 nm diameter NWs,
using Eq. (4) with =0 does not allow us to fit properly the
temperature dependence of H,, neither for m=2 nor for m
:%. The assumption of a temperature-independent barrier
clearly fails. It is then necessary to call for other source of
anisotropy as taking into account shape anisotropy only is
not sufficient to reproduce the data.

As seen in Fig. 7(b), fitting the data with a K, ,-related
contribution gives quite good results. For m=2 [thick line in
Fig. 7(b)], we obtain Ey=1.1£0.1 eV, uyH,,=0.63 T, and
7=110 nm’. As E,> 7K, ,» K,, is still the leading term in
the magnetic anisotropy. Fitting the data with m:% gives
similar values of the parameters.

From Ey=uoH, oM;,V*, we deduce V*, the effective vol-
ume for activation of the reversal mechanism: V*
=190 nm®. This indicates that the magnetization does not
reverse coherently in the whole NW. The reversal is local-
ized in regions of volume V*. This volume corresponds to
cylindrical sections having the same diameter d=3 nm as
the NWs and a length € ~27 nm, i.e., rods with an aspect
ratio €/d=9. The parameters derived from the fitting proce-
dure are summarized in Table III.

The fact that 7K, , reduces the value of E* indicates that
the misorientation of the hcp grains in the NWs is not ran-
dom and that, furthermore, the ¢ axis is oriented in average
(over the localization volume) in a direction lying closer to
the plane of the substrate than to the axis of the wires. This
leads to an effective contribution of K, that tends to de-
crease the energy barrier imposed by the shape anisotropy in
the plane perpendicular to the NWs axis. The magnetocrys-
talline anisotropy plays against the shape anisotropy. Accord-
ing to this interpretation, the competition between K, , and
K, is important at low temperatures in the interval where
K, , takes high values and is roughly constant. The effects
are less pronounced above ~200 K, where K, , drops while
the shape anisotropy remains constant. This is in line with
the observed sharp drop of wyAH,, between 100 and 300 K
discussed in the previous section. Indeed the existence of a
distribution of grains with different sizes and orientation of
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the ¢ axis may result in a broad distribution of local effective
anisotropy. This would result in a broad switching field dis-
tribution in the temperature range where K, , is large, as
observed (Table II).

From V* and E™* it is then possible to extract an effective
anisotropy K*, resulting from the competition between mag-
netocrystalline and shape anisotropies, given by

K*=E*/V*. (5)

From this equation, we deduce K*=4.5X 10° Tm™ at low
temperature. This value allows us to estimate the anisotropy
field H, at zero temperature, given by

. 2K* ©
MoF, = ——.
Ms,O

We get uyH,=0.62 T. This value matches quite well the
value of the coercive field at low temperature, uH.,
=0.63 T. The coercive field at low T approaches the value
predicted for rotation in unison. The fact that H,=H ., com-
bined with the fit to a quadratic law of H,.(T) are strong
indications in favor of a localized reversal mode following
the Stoner-Wohlfarth model. Globally, the above analysis
supports the idea that magnetization reversal in the 3 nm
diameter NWs occurs through a coherent rotation in local-
ized sections of ~27 nm length.

Having discussed the case of 3 nm diameter NWs in de-
tails, we come back to the 5 nm case and the question that
arises naturally is the following: how to council these results
with the fact that =0 works well in the case of 5 nm diam-
eter NWs? Concerning ds, the values of H, and its variation
with temperature are analogous to those reported previously
for  polycrystalline = Co  nanowires  grown by
electrodeposition.!® The magnetic behavior of such samples
could be described by invoking shape anisotropy only. We
put forward the hypothesis that the polycrystalline character
of the wires, more precisely, the reduced grain sizes and the
grain orientation distribution, may be responsible for the ab-
sence of K ,-related contribution in ds. In regions with typi-
cal size below the exchange length, the magnetic moments
are aligned in order to minimize the exchange energy. The
magnetocrystalline anisotropy contribution is then averaged
by exchange. This latter contribution can be averaged out as
the grain size and fraction of well-crystallized matter (inside
the grains, as opposed to disorder in grain boundaries) tend
toward zero. Such effect has been thoroughly studied previ-
ously in the framework of random anisotropy description of
polycrystalline magnets.?® In the case of very small grains
with multiple orientations, as illustrated schematically in Fig.
8(a), the contribution of K, will tend to vanish, leaving K,
as the only source of magnetic anisotropy. Alternatively, in
the case of grains with lateral dimensions equal to the wire’s
diameter, the contribution of K, , is not averaged out effec-
tively [Fig. 8(b)].

We note that in this range of diameters, the magnetic
properties depend strongly on the crystalline quality of the
wires, more precisely on the size of the grains. As a conse-
quence, finding ways to enhance the crystalline quality of
embedded Co wires is a prerequisite to further study on the
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FIG. 8. (Color online) Schemes of polycrystalline NWs with
local orientation of the grains leading to (a) an effective averaging
of K, and (b) a contribution of K, , to the total magnetic aniso-
tropy energy. The local magnetocrystalline anisotropy axis is the ¢
axis of the hexagonal unit cell. The shape anisotropy axis is indi-
cated by the double arrow.

magnetization reversal and dynamics in such objects. A re-
cent study on chemically prepared nanorods showed that H,
can reach high values in single crystalline elongated objects
with a well defined and proper orientation of Co ¢ axis.*"

Another possible explanation for the distinct behavior of 3
nm and 5 nm diameter NWs would be the influence of a
possible temperature-dependent term related to surface an-
isotropy. Indeed, in the present case, the surface/volume ratio
evolves as 1/p with p the radius of the NWs. Therefore, one
expects a more pronounced influence of the surface term, if
present, in the case of lower diameters. More precisely, the
surface/volume ratio should be 5/3 times larger in the case of
3 nm diameters NWs than for 5 nm diameter NWs. This ratio
is rather low and we are thus left with the natural conclusion
that a surface-related contribution may not explain the strik-
ingly dissimilar behavior observed. However, further studies
on the effect of size reduction will be necessary in order to
track a possible surface effect. We are currently exploring
ways to reduce the diameter of the wires below 3 nm.

V. CONCLUSION

Polycrystalline hcp Co NWs assemblies, labeled d5 and d;
have been produced by pulsed laser deposition. The wires are
embedded in an epitaxial CeO, matrix and oriented along the
growth direction. Their mean diameter is very small, 3 nm
for d; and 5 nm for ds, and the diameter distribution is nar-
TOW.

The magnetic reversal mechanism has been studied in de-
tails for d; and ds, revealing distinct behavior. The aniso-
tropy of wires with 5 nm diameter is dominated by the shape
contribution and the reversal is localized. As the diameter
decreases to reach 3 nm, the reversal cannot be described by
a temperature-independent energy barrier. In this case, com-
petition between magnetocrystalline and shape anisotropy
leads to an effective temperature-dependent anisotropy, K*.
The reversal can be described by the Stoner-Wohlfarth model
applied to a chain of elongated particles (diameter 3 nm,
length=27 nm) with uniaxial anisotropy K*.

To conclude, the self-assembly of embedded NWs might
be a way to produce even smaller NWs by a careful control
of growth parameters. The growth mechanism of these ob-
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jects clearly deserves further investigation as its comprehen-
sion is of strategic importance in order to master and possi-
bly steer the self-assembly of NWs.
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