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ABSTRACT Self-assembled vertical epitaxial nanostructures form

SrTi04(001)

a new dlass of heterostructured materials that has emerged in recent

years. Interestingly, such kind of architectures can be grown using
combinatorial processes, implying sequential deposition of distinct
materials. Although opening many perspectives, this combinatorial
nature has not been fully exploited yet. This work demonstrates that

the combinatorial character of the growth can be further exploited in

order to obtain alloy nanowires coherently embedded in a matrix. This

issue is illustrated in the case of a fully epitaxial system: Co,Ni; _, nanowires in Ce0,/STi0;(001). The advantage brought by the ability to grow alloys is

illustrated by the control of the magnetic anisotropy of the nanowires when passing from pure Ni wires to CoNi;_, alloys. Further exploitation of this

combinatorial approach may pave the way toward full three-dimensional heteroepitaxial architectures through axial structuring of the wires.
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eteroepitaxy of planar “horizontal”
H structures is a well-established way
to obtain coherent stacks of distinct
materials, resulting in monolithic devices
used for applications in many areas, from
optoelectronics to spintronics. In compari-
son, the field of vertical heterostructures
growth is still in its infancy, although tre-
mendous progress has been achieved
recently.' Indeed, the last five years or so
have seen an increasing interest in the
growth of self-assembled vertical heteroepi-
taxial nanostructures made of a matrix of
material A hosting embedded nanocolumns
of material B, with A and B epitaxied.?~'°
Among the main motivations for growing
such structures, one can cite the following
issues: (i) due to the geometry, interfacial
coupling of the physical properties of ma-
terial A and B may be enhanced, for exam-
ple, such effect could give rise to artificial
multiferroics;>*8~1° (i) vertical heteroepi-
taxy may be exploited in a strain-engineering
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approach, in order to tune a strain-dependent
physical property of the nanocomposite;®
(iii) vertical heteroepitaxy is a promising way
to obtain ferromagnetic nanowires assem-
blies that may find applications in data
storage device.>""

These appealing perspectives motivate
efforts to improve the growth procedures.
Among recent progress, one can cite the
lateral ordering by using patterned sub-
strates and the use of combinatorial
schemes, i.e., growth process involving se-
quential deposition of compounds, the se-
quence being adjusted in order to reach the
desired composition and structure. Indeed,
in a seminal paper by Fruchart et al. on self-
organized Co nanopillars on Au(111), such
combinatorial schemes, involving sequen-
tial deposition of Co and Au, were already
proposed.'® More recent studies deal with
nanocomposite systems grown by pulsed
laser deposition (PLD). Originally, most com-
pounds were grown starting from a single
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target, containing a mix of matrix and pillar materials,
as the source material. 28 However, PLD allows one to
use combinatorial schemes implying sequential de-
position of the compounds forming the pillars and the
matrix, down to the submonolayer regime. Such an
approach has been used recently to grow CoFe,0,
nanopillars embedded in a BaTiO; matrix'® and Co-
Fe,0, nanopillars embedded in a SrRuO; matrix."*

In the present work, we go one step further in the
exploitation of the combinatorial nature of the growth
process and demonstrate the possibility to grow em-
bedded alloy nanowires. The combinatorial approach
is illustrated in Figure 1. Starting from targets of
materials A, B, C (Figure 1a), it is possible to adjust
the growth sequence in order to deposit the desired
amount of each material and to obtain self-assembled
wires made of a B;_,C, alloy embedded in an epitaxial
matrix made of material A, Figure 1b. Using a nuclea-
tion and growth picture, the self-assembly can be
understood as illustrated in Figure 1c: after deposition
of A, submonolayer deposition of B leads to cluster
nucleation and growth on the surface of A; further
deposition of A leads to burial of B; deposition of C will
lead to nucleation and growth at the apex of B; then
deposition of A ends the sequence that can be re-
peated in order to grow the structure depicted in
Figure 1b. In this paper, we demonstrate the feasibility
of such an approach by growing embedded epitaxial
Co,Ni;_ alloy nanowires. Furthermore, we illustrate
the advantages of the technique in order to tune a
physical property of the obtained nanocomposite, in
the present case, the magnetic anisotropy of the
system.

RESULTS AND DISCUSSION

In previous studies, we have shown that it is possible
to grow Co wires with diameters of a few nanometers
in Ce0,/SrTiO5(001) epilayers by PLD.""” The struc-
ture of such Co wires is complicated by the hcp—fcc
phase transition of Co. Contrary to Co, Ni crystallizes in
the fcc structure only, with a lattice parameter ay; =
3.524 A. The lattice parameter of CeO, (cubic fluorite
structure) is dceo, = 5411 A As 2dceo, = 3dy;, epitaxy
between Ni and CeO, may be favored.

We thus start this section by evidencing the forma-
tion of epitaxial Ni nanowires in CeO, epilayers grown
on SrTiO3(001), our starting point for the growth of
Co,Ni;_x alloy nanowires. Figure 2a,b shows typical
energy-filtered transmission electron microscopy
(EFTEM) images acquired at the Ni L-edge in plane
view and cross section geometry of a Ni containing
CeO, epilayer using the procedure described in the
Methods section. These EFTEM images provide a chem-
ical mapping of Ni location and allow us to evidence
the formation of nanowires-like regions with a high Ni
concentration, oriented with their long axis along the
growth direction, [001], and with diameters of the
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Figure 1. (a) Schematic illustration of the combinatorial
growth of self-assembled epitaxial nanocomposites. (b)
Sequential pulsed laser deposition on three targets made
of materials A, B and C allows one to produce B, _,C, vertical
epitaxial nanostructures coherently embedded in a matrix
made of material A. (c) lllustration of the nucleation and
growth processes leading to the formation of the structure
depicted in panel b.
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Figure 2. (a and b) EFTEM images, taken at the Ni L-edge,
of a Ni containing CeO, film grown on SrTiO3(001). The
arrow indicates the growth direction along [001] of SrTiOs.
(c) XANES spectrum at the Ni K-edge of a Ni containing CeO,
film grown on SrTiO3(001). (d) Schematic illustration of the
structure of the sample.

order of 4.5 nm. To complement such local analysis
and to probe the chemical state of Ni in the whole
sample, X-ray absorption spectroscopy was carried out
at the Ni K-edge. The spectrum in Figure 2c is char-
acteristic of metallic Ni. Thus, EFTEM and X-ray absorp-
tion data combined together reveal the formation of
metallic Ni nanowires as illustrated in Figure 2d.
Cross-sectional imaging of a Ni rich region detected
in EFTEM mode using high resolution transmission
electron microscopy (HRTEM) reveals the existence of
narrow regions, elongated in the [001] direction where
the matrix pattern is disturbed, as shown in Figure 3a.
The Fourier transform of the HRTEM image depicted in
Figure 3a is shown in Figure 3b with the diffraction
spots indexed. The spots of the CeO, matrix are high-
lighted by blue circles and those of Ni by red squares.
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Figure 3. (a) High resolution TEM cross section of an epitaxial Ni nanowire in CeQ,/SrTiO3(001); zone axis [110]Ce0,.
(b) Fourier transform of panel a with indexed spots. (c) High resolution TEM plane view of an epitaxial Ni nanowire in
Ce0,/SrTiO5(001). (d) 6—26 scan of a Ni nanowires assembly embedded in CeO,/SrTiO5(001). (e) Reciprocal space mapping of
a Ni nanowires assembly embedded in CeO,/SrTiO3(001). r.l.u. stands for reciprocal lattice unit.

All other spots (light green) can be deduced from the
Niand CeO, spots and indexed by considering multiple
diffraction events arising in cross-sectional geometry.
The Ni spots are aligned with those of the matrix,
indicating a cube-on-cube epitaxy of Ni and CeO,.
Such an epitaxial relationship is also evident in HRTEM
images acquired in plane view, see Figure 3c. To
confirm the epitaxy, evidenced by local TEM measure-
ments, X-ray diffraction measurements were carried
out. Figure 3d shows a 6—20 scan of the sample
confirming the alignment of [001]y; and [001]ceo,
The full epitaxial relationships were confirmed by re-
ciprocal space mapping, such as the one in Figure 3e
indicating that [111]y; and [111]ceo, are parallel, and
¢-scans (not shown).

It is thus possible to grow epitaxial Ni nanowires
embedded in CeO,/SrTiO3(001) epilayers. Starting
from this system, we use the combinatorial approach
and growth sequences indicated in the Methods sec-
tion in order to test the possibility of growing Co,Ni; _
alloy nanowires with adjusted values of x. Such tuning
of x is achieved through the control of the Ni/Co
nominal ratio (ratio of laser shots on the targets). From
spectroscopic analysis of the Co and Ni content in
the samples (see Methods), a Ni/Co nominal ratio of
0.5 led to Cogge3Nig37 and a nominal ratio of 2 led to
Cog3;Niges. These compositions are quite close to
those expected from the ratio of laser shots on the
targets. This shows that the growth method allows us
to tune the composition of the alloys by adjusting the
growth sequence.

Figure 4a,b shows EFTEM plane views at the Ni and
Co L-edges of a sample grown with a Ni/Co nominal
ratio of 2, leading to Cog 3,Niggg. In both images, disks
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indicating a high Co or Ni concentration are clearly
resolved. These disks, having diameters of the order of
4.5 nm, correspond to the section of the nanowires.
The digital difference of these two chemical maps is
shown in Figure 4c. The overall uniformity of this
difference image shows that the disks corresponding
to a high Ni concentration and the ones corresponding
to a high Co concentration are superimposed. This
provides clear evidence that Co and Ni are present in
the same nanowire. The fcc structure and cube-
on-cube epitaxy are preserved, as evidenced by
the typical HRTEM plane view and cross section in
Figure 4d—f. The metallic state of the wires was then
confirmed by X-ray absorption spectroscopy at the Co
K-edge and at the Ni K-edge, see Figure 5. Moreover, Co
K-edge XANES spectra differ from that of pure hcp-Co
and mimic that of fcc-Ni. The separation and relative
weight of the peaks labeled A and B confirm that the
alloy wires crystallize in the fcc structure,'®72°

The fact that the wires are made from alloys and not
from alternated Ni and Co sections is warranted by the
choice of growth sequence and growth temperature.
From the final thickness of the CeO, epilayer, it is
straightforward to deduce the mean amount of ma-
terial added at the apex of the wires during a sequence.
The mean increase in wire length during a sequence is
of the order of 1 A. Thus, it is straightforward to
consider that the nanowires grow as an alloy and not
a sequence of distinct Co and Ni staking layers.

From TEM plane view measurements, the mean
diameter and the density of the alloy nanowires
assemblies could be measured. We get a diameter of
4.5+ 0.2 nm and a density of (1.16 + 0.03) x 10"?in.”2.
We note that such density compares favorably with the
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Figure 4. (a) EFTEM plane-view of a Co 3,Nig ¢g Nanowires assembly embedded in CeO,/SrTiO5(001) at the Co L-edge. Bright
spots indicate a high Co concentration. (b) EFTEM plane-view of Cog3;Nipeg nNanowires assembly embedded in
Ce0,/SrTiO5(001) at the Ni L-edge. Bright spots indicate a high Ni concentration. (c) Digital difference of images in panels
aand b evidencing the fact that Co and Ni are located within the same areas. (d) High resolution TEM plane view of an epitaxial
Coy.32Nip 6 Nanowire in CeO,/SrTiO3(001). (e) High resolution TEM cross section of an epitaxial Cog 3;Nipes Nanowire in
CeO,/SrTiO3(001). (f) Fourier transform of panel e with indexed spots assuming cube-on-cube epitaxy of the cubic alloy and

the matrix.
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Figure 5. XANES spectra recorded at the Co (continuous
line) and Ni (dashed line) K edges. Co and Ni spectra have
been aligned in energy for comparison; spectra of pure Ni
(fcc) and Co (hcp) metal foils are shown as top and bottom
curves, respectively. Spectra of Cog 3,Nip ¢s and Cog 63Nig 37
exhibit a ratio of A and B peaks intensities corresponding to
a fcc structure at both Co and Ni edges.

storage density of 1 Thit-in.” 2 required for high density
storage media.

Having established the combinatorial approach as a
way to obtain self-assembled Co,Ni; _, alloy nanowires,
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we now examine the magnetic properties of these sys-
tems. Figure 6 shows magnetization loops obtained for
pure Ni nanowires (a) and Cogg3Nig37 nanowires (b),
recorded with the field applied along the wires axis
(out of plane direction) and perpendicular (in plane).
The Ni wires assembly exhibits an unexpected behav-
ior: the two magnetization loops are almost identical,
indicating that the magnetic anisotropy of the system
is very weak. This is at variance with the most com-
monly observed situation in magnetic nanowires as-
semblies: a large magnetic anisotropy dominated by
shape anisotropy, with an easy axis along the wires axis
and a hard plane perpendicular to this axis. Such a
response is recovered for the Co,Ni; _, alloy nanowires:
with the field applied along the wires axis, the magne-
tization loop is open with remanence magnetization
(M,) and coercive field (H.) much larger than with the
field applied in plane.

Analysis of the strain in Ni nanowires from X-ray
diffraction data reveals a tensile strain € along the [001]
direction (parallel to the axis). In contrast, no strain
could be detected in the (001) plane. The uniaxial
deformation of the wires leads to a large magneto-
elastic anisotropy, given by Kne = 3/24001(C11 — C12)€,
where Aqo; is the magnetostrictive parameter along
[001] and c;; are elastic coefficients. As Kme < 0 in pure
Ni, this contribution competes with the magnetostatic
anisotropy K.,. Both contributions being of the same
order of magnitude, K, + Kne = 0 and the residual
anisotropy is quite small in Ni nanowires assemblies. A
complete analysis of the strain and magnetic anisotro-
py in Ni nanowires is outside the scope of the present
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Figure 6. (a) Magnetic hysteresis cycles at 10 K with field
parallel (disks) and perpendicular (circles) to the wires
obtained for a Ni nanowires assembly embedded in CeO,/
SrTiO3(001). (b) Magnetic hysteresis cycles at 10 K with field
parallel (disks) and perpendicular (circles) to the wires
obtained for a Cog ¢3Nip 37 Nanowires assembly embedded
in CeO,/SrTiO3(001).

paper and will be published elsewhere. The fact that
the magnetic anisotropy is very weak in Ni nanowires
embedded in CeO,/SrTiO3(001) epilayers makes such a
system an ideal starting point for designing systems
with tailored magnetic properties by Co alloying. In-
deed, such engineering of the magnetic anisotropy is
possible because both the saturation magnetization,
M,, and the magnetostrictive parameter 1op; depend
on the Co content in Co,Ni;_y alloys.>'*? M; increases
with the Co content and so does K,,, that is proportional
to M2. Starting from negative values, 1oo; also increases
with the Co content and even changes sign beyond
x = 0.1. Thus, increasing the Co content should lead to
an overall increase of the total magnetic anisotropy of
the system.

This enhancement of the magnetic anisotropy with
increasing Co content is exactly what is observed, as
shown by the strikingly dissimilar loops in Figure 6a,b.
It is also reflected by the drastically distinct evolutions
of the coercive field, uoH,, of pure Ni wires and alloy
wires with the temperature. uoH. decreases sharply
with the temperature in Ni nanowires, Figure 7a.
Beyond 100 K, uoH. = 0, indicating that the system
has entered the superparamagnetic regime: the en-
ergy barrier linked to magnetic anisotropy is not
sufficiently large compared to thermal energy to en-
sure the stability of the magnetization in a given
direction. The value of this energy barrier, KV/* with
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Figure 7. (a and b) Coercive field as a function of the
temperature for Ni nanowires (a) and Cog ¢3Nig 37 nhanowires
(b). The line is a fit to the Sharrock's formula, as described in
the text. The shaded area in panel a corresponds to the
superparamagnetic regime.

Ketr the effective anisotropy of the system and V*
the activation volume, can be deduced by fitting poH.-
(T) using Sharrock's formula:®® poH(T) = poHcol1 —
(25kg T/KetV¥) "2, where pioH. o is the coercive field at
T=0Kand kg is the Boltzmann constant. In the case of
Ni wires, we get a barrier of 0.24 eV.
Such a transition toward the superparamagnetic
regime at temperatures below 300 K is not observed
in the case of alloys nanowires. Although uoH. de-
creases with T, see Figure 7b, it remains positive at
room temperature. The ferromagnetic state is thus
preserved at 300 K, as attested by the magnetic cycles
in Figure 8a,b. This is a direct consequence of the
increase of the magnetic anisotropy. Indeed, analysis
of uoH.(T) data yields a value of 0.70 eV for the energy
barrier of Cog¢3Nip 37 nanowires, to be compared with
the much smaller value found in Ni.
The magnetic loops taken in the hard direction do
not evolve drastically when the temperature increases,
Figure 8a, and the anisotropy is still quite pronounced
at 300 K as shown in Figure 8b. Comparison of the
magnetic cycles of Cog3,Niges and Cogg3Nig 37 Nano-
wires assemblies reveals that the anisotropy is stronger
when the Co content increases: along the hard direc-
tion, the saturation field is larger in Cogg3Nip3; as
shown in Figure 8c. The increase of the Co content
also leads to a less pronounced variation of the satura-
tion magnetization with the temperature, Figure 8d.
Going further, Ko can be evaluated by exploiting
the magnetometry data: Kegr = 1/2(1oM;AH,), where
AH, is the difference of the saturation fields perpendi-
cular to the wires axis and parallel to it.?**> Applying
such procedure, we get Ko = 1.2 x 10° J/m® for the
C0p35Nioe2 hanowires assembly and Ko = 3.7 x 10°
J/m3 for Coge3Nigs7 at 10 K. Ke¢ can be compared to
the magnetostatic part of the magnetic anisotropy

VOL.7 = NO.5 = 4022-4029 = 2013 A@i@

WWwWW.acsnano.org

4026



M/Ms

(d)
< “g 4+ 1
o —a S °
g ®
= 0.5r 4 < o
£ SR ]
= 3 -
X o
0.0b . . . Ory . 1
0 100 200 300 0.00 0.50
Temperature (K) Co content

Figure 8. (a) Magnetic hysteresis cycles at 10, 20, 100, 200,
and 300 K with field applied perpendicular to the wires
obtained for a Cog ¢3Nig 37 Nanowires assembly embedded
in Ce0,/SrTiO3(001). (b) Magnetic hysteresis cycles at 300 K
with field parallel (blue line) and perpendicular (red line) to
the wires obtained for a Cogg3Nip3; nanowires assembly
embedded in CeO,/SrTiO3(001). (c) Magnetic hysteresis cycles
at 10 K with field applied perpendicular to the wires obtained
for Cog3;Nipes (green line) and Cogg3Nip3; (dark red line)
nanowires assemblies. (d) Magnetization as a function of the
temperature of Cog3;Niges (squares and green line) and
Cog63Nig 37 (disks and dark red line) nanowires assemblies.
(e) Black line: Magnetostatic anisotropy, K;,,, at low tempera-
ture as a function of the Co content. Black triangle: magnetic
anisotropy of Ni wires. K., magnetic anisotropy extracted
from magnetometry, of Cog3,Nipes (green plain square,
T =10 K; open square, T = 300 K) and Cog 63Nip 37 (dark red
disk, T = 10 K; circle, T = 300 K) nanowires assemblies.

(shape anisotropy and dipolar interwire coupling) that
is given by: Ky, = 1/4(uoM2)(1 — 3P), where P is the
volume fraction occupied by the wires.?® The results
are summarized in Figure 8e, where values of the
anisotropy are given at 10 and 300 K. The fact that K.t
is smaller at 300 K than at 10 K is related to the drop of
M with increasing T. The results indicate that K.
increases with the Co content and reaches values
approaching K, for x = 0.63.

To conclude on the magnetic properties, increasing
the Co content in the alloy nanowires leads to a

METHODS
Sample Growth. The growth method used relies on sequential

pulsed laser deposition (PLD) of Ni and CeO; in reductive
conditions (Pgrowth < 10~° mbar). The epilayers were grown
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substantial increase of the magnetic anisotropy. As a
consequence, the transition to the superparamagnetic
regime occurs at temperatures exceeding room tem-
perature. Also, the drop in saturation magnetization
with increasing temperature is largely suppressed
for x = 0.63.

We close this section by underlining the fact that the
combinatorial approach for the growth of alloys nano-
wires proposed here may be generalized to other
materials. In the field of magnetic nanowires, soft
Ni;_,Fe, and hard Co,_,Pt, alloys may be grown. The
method is not restricted to the growth of ferromag-
netic nanowires and could be generalized to other
couples of materials, with distinct properties. A recent
study showed the relevance of BaTiO3/CeO, nano-
composites in order to obtain materials with tunable
dielectric and ferroelectric properties.”” Using the
combinatorial approach would allow to add another
degree of freedom in the optimization of the compo-
site by tuning the composition x of Ba;_,Sr,TiO3/CeO,
nanocomposites. Likewise, alloying may be used in
order to tune the ferroelectric response in composites
made of a ferroelectric compound and another ma-
terial. Other original issues may be explored, such as
the growth of nanowires with concentration gradient
along their axis.

CONCLUSIONS

In the present paper, we have demonstrated the use
of combinatorial schemes in order to grow self-as-
sembled vertical epitaxial alloy nanostructures. This
has been demonstrated in the case of Co,Ni;_, alloy
nanowires embedded in CeO,/SrTiO3(001) epilayers.
Furthermore, we provide an illustration of the advan-
tages offered by the combinatorial approach that can
be used to engineer a physical property: in the case of
Co,Ni;_, wires, we show that the magnetic anisotro-
py of the system can be tuned by controlling the Co
content, a parameter that can be adjusted at will
using the combinatorial approach. To conclude, we
would like to stress that the growth of alloy nano-
structures is one of the perspectives offered by the
growth technique employed here. Other promising
issues may be explored in a near future. Indeed, by
adjusting the growth sequences, it should be possi-
ble to grow axially structured nanostructures with,
e.g., composition or diameter axial modulation. This
would pave the way towards real three-dimensional
self-assembly of monolithic embedded epitaxial
nanostructures.

on SrTiO3(001) substrates using a quadrupled Nd:YAG laser
(wavelength 266 nm) operating at 10 Hz and a fluence in the
1—3 J-cm~2 range. CoO, NiO and CeO, targets were used.
Tuning the ratio of laser shots on the two targets enabled us to
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modify the Ni and Co content in the epilayers. Prior to the
growth of the nanowires assembly, a 4 nm thick pure CeO,
epilayer was deposited on SrTiO3(001) at 650 °C and 1072 mbar
of oxygen. This step ensures the subsequent epitaxial growth of
the CeO, matrix under vacuum, with the following epitaxial
relationship: (001)/(001),, [110]¢!l [100],, [1T10]¢l [010],, where
s and f subscripts denote the substrate and film, respectively.
After the buffer growth, the sample was kept at the same
temperature and the pressure lowered to less than 10~° mbar.
The growth of the embedded Ni nanowires assembly was then
performed using the following sequence: [30 shots on the CeO,
target followed by 10 shots on the NiO target] repeated
800 times. The growth of embedded Co,Ni;_, alloy nano-
wires was performed using the [6 shots on the CeO, target,
2 shots on the NiO target, 6 shots on the CeO,, 1 shot on the
CoO target] sequence (S1) repeated 1300 times and [6 shots
on the CeO, target, 1 shot on the NiO target, 6 shots on the
CeO0,, 2 shots on the CoO target] sequence (S2) repeated 1300
times. We have thus samples with a Ni/Co nominal ratio of
2 and 1/2.

Sample Analysis. High resolution and energy-filtered trans-
mission electron microscopy data were acquired using a JEOL
JEM 2100F equipped with a field-emission gun operated at
200 kV and a Gatan GIF spectrometer. Energy dispersive X-ray
spectroscopy was used to calibrate the Co and Ni percentage
within the nanowires from analysis of the Co and Ni K, peaks.
Sequence (S1) led to Cog3;Nipeg and sequence (S2) led to
Cog 63Nig 37-

X-ray absorption spectroscopy data were collected at the Ni
and Co K-edges spectra range at the SAMBA beamline of
Synchrotron SOLEIL. The K, fluorescence yields of Co and Ni
were monitored by a 36 pixels monolithic Germanium detector
(Canberra France). Opting for fluorescence detection allowed us
to probe the whole epilayers.

X-ray diffraction data were collected on a laboratory
4-circles diffractometer (Philips X'Pert MRD) and at the SIXS
beamline at synchrotron SOLEIL (proposal number 20110234).
At SIXS, data were collected with 15.575 keV monochromatic
radiation. The reciprocal space coordinates (hk/) are defined in
the (a*, b*, ¢*) basis of the reciprocal lattice of cubic SrTiOs. The
surface normal (growth direction) is oriented along c*.

Magnetic measurements were performed in a supercon-
ducting quantum device (SQUID) magnetometer (Quantum
Design MPMS - 5S) and a vibrating sample magnetometer
(Quantum Design PPMS). The data were corrected by removing
the diamagnetic contribution of the substrate (obtained by
extrapolating the high-field slope), in order to keep only the
ferromagnetic contribution.
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