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We report a combined scanning tunneling microscopy and x-ray magnetic circular dichroism study to
investigate the structural properties and magnetic behavior of a Co ultrathin film composed of dimer nanolines.
These Co nanolines, ~6 nm in length, are grown on a Si nanotemplate composed of nanoribbons self-organized
on Ag(110). The first two Co layers present a weak magnetic response while upper Co layers exhibit an enhanced
magnetization. Orbital and spin moments are experimentally determined. We show that an in-plane magnetiza-
tion is favored and the magnetic anisotropy energy associated with the directions parallel and perpendicular to
the nanolines are measured. The Co ultrathin film is shown to behave as a superparamagnetic system composed
of one-dimensional segments containing each ~170 ferromagnetically coupled Co atoms, with a blocking
temperature estimated to be between 20 and 40 K. Our set of experiments allows for a comprehensive description
of the magnetic behavior of the Co nanoline ultrathin film grown on a functionalized metallic substrate.

DOI: 10.1103/PhysRevB.102.155403

I. INTRODUCTION

Tremendous efforts have been devoted in the last two
decades to investigate the magnetic properties of nanometer-
size particles adsorbed on surfaces [1-4], motivated by both
fundamental and practical interests such as magnetic record-
ing or memory devices. An important attractive feature of
these low-dimensional systems is the possibility to tune their
magnetic properties by a fine control of their atomic structure
or geometry and the chemical environment of the magnetic
atoms. However, reducing the dimensionality of magnetic
systems is known to reduce the stability of their magnetic
ordering. One key parameter to describe the magnetic behav-
ior of such nanoparticles is the magnetic anisotropy energy
(MAE), which determines the tendency of the magnetization
to align along specific axis rather than randomly fluctuate over
time. Remarkably, transition-metal (TM) nanostructures have
been found to possess high magnetic anisotropy compared
to two-dimensional (2D) ultrathin films or bulk materials,
originating from the extremely low coordination of atoms
[1]. Nevertheless, subnanometric nanostructures investigated
are generally paramagnetic down to the lowest temperature,
i.e., no remanent field is observed. In this context, one-
dimensional (1D) TM nanostructures have received great
attention since the discovery in 2002 of an unprecedented
long-range ferromagnetic order in Co monoatomic chains
formed at step edges of Pt(997), associated with the enhance-
ment of Co orbital magnetic moments and, in turn, of MAE
[5]. Such behavior results from kinetic barriers and below
a threshold temperature, called blocking temperature (15 K
in Ref. [5]), the MAE efficiently pins the orientation of the
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magnetization of each spin block along an easy axis without
external magnetic field, on the timescale of the experiments.
In these experiments, the average length of a continuous Co
chain, uninterrupted by kinks, was ~80 Co atoms. At45 K, a
short-range ferromagnetic order, associated with a 1D super-
paramagnetic system, was found to extend over about 15 Co
atoms only. This experimental pioneering work corroborates
numerous theoretical calculations predicting that the reduced
symmetry of 1D magnetic systems produce strong modifi-
cations of the electronic band structure and thus, significant
effects on the MAE are expected [6-9]. The attractiveness
of these 1D magnetic systems is reinforced with the recent
theoretical prediction of an anisotropic spin-polarized elec-
tronic current along TM nanolines, such as Mn, Fe, or Co
nanolines on graphene [10], which opens the possibility of
their integration in spintronic-based devices.

Another important feature of 1D magnetic nanostructures
is an expected strong anisotropic behavior of the magnetiza-
tion axis, determined by both the 1D geometry of the nano-
lines and their interaction with the substrate. Experimental
studies have often revealed a uniaxial easy axis of magnetiza-
tion in the plane perpendicularly to the TM chain axis, canted
from the surface normal with different tilt angles [5,11,12].
Moreover, it has been shown that the easy axis of magneti-
zation oscillates in the plane perpendicular to the chains axis
as a function of the transverse width of Co chains grown on
Pt(977) [13]. The different orientations of the easy axis can
also originate from any changes in the environment as shown
in several theoretical studies. For instance, a rotation of the
easy axis from the direction parallel to the chain to the out-of-
plane one has been theoretically predicted when cobalt chains
are whether freestanding or supported on Pd(110) [6], while
the magnetization of Co wires supported on Cu(100) and
Pt(100) substrates was found to align with the wire axis [14].
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Developments in atomic engineering during the last two
decades have made possible the fabrication of 1D TM systems
with a high structural control over the width of the chains,
allowing productive confrontations with theoretical works.
Template-directed growth using intrinsic structural properties
of surfaces has proven to be a powerful route to produce high
densities of 1D nanostructures with controlled geometries,
regular sizes, and spacings, allowing the investigation of their
magnetic properties using either local probes (spin-polarized
scanning tunneling microscopy) or surface-average probes [x-
ray magnetic circular dichroism (XMCD) in the total electron
yield (TEY) mode] [5,11-13,15]. Recently, we have shown
that a nanopatterned Ag(110) surface with a Si nanoribbon
(NR) array (density ~5 x 10®cm™") can be advantageously
used to grow identical and highly ordered Co dimer nanolines
[16]. Preliminary investigations of their magnetic properties
using XMCD revealed that the first Co atomic layers di-
rectly adsorbed onto the Si NRs present a weak magnetic
response (magnetic dead layer), while upper Co layers exhibit
an enhanced magnetization with an in-plane easy axis of mag-
netization, perpendicular to the Co nanolines.

In this paper, we have further investigated the magnetic
properties of the ultrathin film composed of Co nanolines
grown on the 1D Si nanotemplate. Advanced magnetic in-
vestigations using XMCD evidence a superparamagnetic
behavior of thermally fluctuating 1D segments, with a low
blocking temperature lying between 20 and 40 K and the size
of the spin blocks composed of ferromagnetically coupled
Co atoms is estimated. Our results clearly evidence that an
in-plane magnetization is favored. The magnetic moments
together with the MAE associated with the directions parallel
and perpendicular to the nanolines are measured.

II. EXPERIMENT

Growth and characterization measurements were per-
formed in ultrahigh vacuum (UHYV, base pressure 10~!° Torr)
setups. The Ag(110) single-crystal surface was prepared in the
UHYV chamber by repeated cycles of Ar™ sputtering followed
by annealing at 770 K. Si was evaporated from a direct-
current heated piece of silicon wafer kept at 1520 K, after
preoutgassing at 1070 K for several hours, onto the clean
Ag(110) surface heated at 490 K. The Ag surface nanopat-
terned with Si was checked by scanning tunneling microscopy
(STM) and low-energy electron diffraction before the deposi-
tion of Co. Co was evaporated from a rod (purity 99.99%)
inserted in a commercial Scienta Omicron e-beam evaporator
and was deposited on the Si NR template at 220 K prior to
magnetic measurements. STM images were acquired at the
CINaM in Marseille using Scienta Omicron scanning tun-
neling microscopes, working at room temperature (RT) and
77 K in constant current mode. The STM data were pro-
cessed using GWYDDION software [17]. XMCD experiments
were performed at the DEIMOS beamline at the French Na-
tional Synchrotron Facility (SOLEIL), which operates in the
soft x-ray range [18]. XMCD measurements were performed
by measuring x-ray absorption spectra (XAS) at the CoL; 3
edges (2p to 3d transitions) using left and right full circu-
larly polarized light in the TEY mode. The magnetization
curves were recorded using fast-scan mode [19] at various

substrate temperatures, ranging from 4 to 100 K, under a
variable magnetic field of up to 6 T, collinear with the incident
x-ray direction. The experiments performed with a magnetic
field varying along or perpendicularly to the axis of the Co
nanolines correspond to two different sets of experiments. The
uncertainties associated with the measurements of the mag-
netic moments and the MAE result from XAS analysis. The
Co coverages have been estimated using combined XAS and
STM measurements. 1 monolayer of Co (MLc,) corresponds
to the 5 x 2 Si NR array completely covered with Co nano-
lines and equals 0.6 monolayer (ML) in silver (110) surface
atom density. The lattice parameters of Ag(110) are denoted
aagl = 0.289 nm in the [110] direction and apgl = 0.409 nm
in the [001] direction.

III. RESULTS AND DISCUSSION

A. Growth of Co dimer nanolines on Si/Ag(110)

Prior to Co deposition, the Ag(110) surface was firstly
nanopatterned with a Si atomic layer, widely described in the
literature (see for instance Ref. [20] and references therein
[21]). This nanotemplate consists of a Si NR array with a
pitch of ~2 nm, formed during Si deposition at 490 K onto
the bare Ag(110) surface. The Si NRs are self-assembled in a
5 x 2 superstructure covering uniformly the whole Ag surface
at completion with a short- and long-range high structural
order. The atomic structure of the Si NRs was solved in 2016
with an original Si pentamer chain model lying in the missing
row troughs of the reconstructed Ag(110) surface [20,22]. In
this description, Si NRs of the 5 x 2 superstructure correspond
to twin Si pentamer chains and will be denoted hereafter as
double nanoribbons (DNRs). The Si nanoribbon (NR) array
is stable until 490 K [21], temperature above which a silver
surface faceting induced by Si adatoms occurs [23].

It has been already reported in our group that this Si 1D
nanotemplate can advantageously be used to grow Co nano-
lines [24,25]. It has been shown that upon Co deposition at
RT, Co atoms are adsorbed on top of the Si NRs, giving
rise to the growth of identical Co nanolines perfectly aligned
with the NR axis. The high-resolution STM image of Fig. 3
published in Ref. [24] revealed that these Co nanolines of
the first layer are composed of dimers oriented perpendicu-
larly to the nanoline axis. Based on the accurate calibration
of the STM image using the crystallographic atomic posi-
tions determined by grazing incidence x-ray diffraction (see
Ref. [20] Supplemental Material), the distance between two
Co atoms of a dimer is dco_co1 = (3.0 £0.5) A and the dis-
tance between two adjacent Co atoms along the nanolines is
higher, dco—co = (4.5+0.5)A, i.e., ~ 1.5axg. This latter
periodicity, in the direction parallel to the nanolines, leads to
a modulation of the corrugation observed by STM: one out
of every two dimers appears slightly brighter. Interestingly,
STM images showed that after deposition of 0.16 ML of Co
at RT, more than 80% of the dimer nanolines are side by side
with two nanolines of similar length on the same Si DNR.
Moreover, it has been shown that the length of Co nanolines is
governed by the atomic process of Co interdiffusion into the
Si array, leading to the local destruction of the Si NRs [25].
To partially hinder this thermally activated process and thus
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FIG. 1. (a) STM image of Co nanolines grown at 220 K on the 5 x 2 Si nanoribbon array. Co nanolines of the first and second layers are
indicated by colored rectangles (b) Height profile along the blue line in (a), showing typical corrugations associated with the different grown

nanostructures on Ag(110).

increase the length of the Co nanolines, Co was deposited on
the substrate held at 220 K prior to the XMCD measurements
reported in the next section.

The STM image in Fig. 1(a) illustrates the growth of the
first and second layers of Co nanolines on the 5 x 2 Si array,
after deposition at 220 K. The brighter protrusions correspond
to Co dimers of the second layer while the other protrusions
correspond to those of the first layer. Closer inspection of
Fig. 1(a) reveals the presence of some black holes, mostly
located at the terminations of the Co nanolines and attributed
to the local destruction of the Si NRs induced by Co diffu-
sion into the Si layer, leaving uncovered parts of the silver
substrate [25]. For both Co layers, the distance between the
protrusions along the nanoline axis is 2dc,—co|, indicating that
only protrusions with the higher corrugation of each layer are
visible. Our STM observations suggest that the Co atomic
arrangement in nanolines directly adsorbed on Si NRs and
in the upper layers is similar. From STM images, we have
analyzed the height of the Co nanolines measured from local
bare parts of the silver substrate. As exemplified by the height
profile displayed in Fig. 1(b), the corrugation of the first and
second Co nanolines is found to be ~50 pm.

For higher coverages, the Co growth reproduces the 1D
pattern of the Si template as shown in Fig. 2(a). By mea-
suring the height of the different species observed in STM
images, Co nanolines of the different layers can be identified,
as illustrated in Fig. 2(b). The length of the nanolines cannot
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FIG. 2. STM images of an ultrathin film of Co nanolines (cover-
age < 4ML,) after deposition of Co at RT on the 5 x 2 Si array.
(a) 100 nm x 100 nm. (b) Close view (50 nm x 50 nm) of the area
indicated in (a) by the black square box. Co nanolines of the different
layers are indicated by colored rectangles.

be accurately estimated due to the nonperfect layer-by-layer
growth. Based on a statistical analysis of STM images, the
average length at completion of the first Co layer grown at
RT is ~4.5 nm. Assuming that the nanoline length of this
first Co layer determines those of the following layers, the
length of the Co nanolines of upper layers is ~4.5 nm, which
is in agreement with the STM image of Fig. 2(b). The average
length at completion of the first Co layer grown at 220 K is
~6 nm, determining the length of the Co nanolines of the
upper layers. We will consider in the following this length to
be 6 nm, which corresponds to nanolines composed of ~14
Co dimers.

B. Magnetic properties of the Co dimer nanolines

XAS spectra were recorded under a magnetic field of 6
T applied in the different geometries illustrated in Fig. 3(a),
for right- and left-handed circularly polarized light denoted
as uy and p_, respectively. Hy and H, denote a magnetic
field parallel or perpendicular to the axis of the Co nanolines,
respectively. To probe both the out-of-plane and the in-plane
magnetic moments, the sample was rotated with respect to
the direction of H; or H, collinear to the x-ray beam, by
an angle 6 comprising between 0° (normal incidence) and
70° (close to grazing incidence). The strong nonmagnetic
background signal coming from the Ag substrate has been
removed from the Co-L, 3 XAS spectra. The background for
each considered temperature has been assessed as the differ-
ence between the XAS spectra recorded at the temperature of
interest and 300 K where the Ag extended x-ray absorption
fine structure oscillations are greatly attenuated. The spectra
are normalized to the incident beam intensity and then to the
L; preedge value. All the XAS spectra presented here have
been recorded at the same Co coverage of (4.0 &= 0.5) MLc,,
i.e., an average of four layers of Co nanolines. This coverage
has been estimated from XAS measurements at the L, 3 Co
absorption edges, taking into account the escape depth of
electrons coming from the substrate through the adsorbate and
the photoionization cross sections of both Ag and Co at the L3
Co absorption edge [26]. Height profiles measured in STM
images recorded in situ on the samples probed by XAS are
in agreement with this coverage. These STM images are very
similar to the one presented in Fig. 2, with a mean thickness
of 4 Co monolayers but with a lower resolution and thus not
shown here.
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FIG. 3. (a) Schematic representation of the H;, and H, con-
figurations for the XAS and XMCD measurements. For the
angle-dependent measurements, the sample was rotated by an angle
0 relative to the surface normal, from normal (§ = 0°) to grazing
incidence (0 = £70°). (b) XAS spectra for a Co coverage of 4 ML,,
taken at grazing incidence (6 = 70°) at 4 K with a magnetic field of
6 T for both light helicities (. and x_) and for H, (upper panel) and
H) (middle panel). The corresponding XMCD spectra are displayed
in the lowest panel for both H; and H, configurations.

Figure 3(b) shows the XAS spectra at 4 K for both x-
ray polarizations and, respectively, H; (upper panel) and H
(middle panel). The XAS spectra, that clearly show no trace
of cobalt silicides, are characteristic of metallic Co [5]. Two
broad absorption resonances are clearly visible at the L3 and
L, edges of Co. The weak shoulder peak present at about
4 eV above the L3 edge can be attributed to the presence of
interface states for Co atoms located at the Co/Si interface as
suggested by Pong et al. [27]. The XAS spectra are similar
for both orientations of the magnetic field. The XMCD sig-
nal that represents the difference between the XAS spectra
for left- and right-handed light polarization gives access to
the magnetization magnitude of a specific element. The spin
(ms) and orbital (m) moments per atom can be quantita-

tively determined using the magnetic sum rules described in
Refs. [28,29]. Here, we have applied the formalism described
by Chen et al. [30], in order to evaluate the spin and orbital
contributions to the magnetization of the Co nanolines. The
number of holes in the Co 3d band has been considered to
be 2.5, which corresponds to an average theoretical value for
bulk Co [31,32], in agreement with the value of 2.4 used in the
case of Co adatoms on Pt(111) [1]. For each configuration,
the spin and orbital moments of the 4-ML¢, ultrathin film
derived from our measurements at grazing and normal inci-
dences are similar, showing that the magnetization is saturated
at 6 T. We found mgy = (0.51 0.06) ug per atom (up/at)
and my = (0073 + 0010) ,uB/at for H“ and ms| = (047 +
0.05) ug/at and my; = (0.070 £ 0.010) ug/at for H,. The
lower values of mgs, and my; compared to those of my and
my, could result from a slightly lower Co coverage for the
measurements performed in the H, configuration, as revealed
by the lower intensity in the XAS spectrum [see Fig. 3(b)].
Indeed, as already mentioned in Ref. [16] and confirmed
below, the magnetic properties of the Co film depend on
its thickness. To evaluate the real orbital and spin moments
per atom, the weak contribution of the first two Co layers
have been retrieved to the measurements reported above for
4 MLc,. For 2 MLc,, the magnetic moments at normal in-
cidence for the Hy and H, configurations are found to be
similar and equal to mg = (0.09 £ 0.01)up/atom and my, =
(0.012 £ 0.002) up/atom. The moments of the Co atoms in
the two upper layers of the 4 ML¢, film can thus be es-
timated to mgy = (0.93 £0.13) ug/at and my; = (0.134 &+
0.022)up/at in the H| configuration. Similar estimations for
the H, configuration lead to mg; = (0.85 £ 0.11)ug/at and
my; = (0.128 £ 0.022) g /at. These values are significantly
lower than the bulk magnetic moments (ms = 1.55 ug/at and
my, = 0.153 ug/at) [30]. We stress that a thicker Co film
of nanolines should be deposited to recover bulk magnetic
moments in the upper layers grown on the magnetic dead
layer. These values are also significantly lower than the ones
reported in our precedent work [16] for a 2-ML¢, Co film
(ms = 1.66 up/at; my = 0.20 ug/at). A closer inspection of
the XAS spectra shown in Figs. 3(a) and 3(b) published in
Ref. [16] reveals that the shoulder at +4 eV above the L3
edge is more pronounced in Ref. [16] than in the present work,
suggesting that the chemical composition of the grown film or
of the Si-Co interface was different in our previous study. The
higher magnetic moments measured in Ref. [16] could result,
for instance, from a less-pronounced effect of the magnetic
dead layer observed in the Co film.

Field-dependent magnetization curves, obtained from the
XMCD signal for a coverage of 4 ML,, have been recorded
at 4 K for different angles 6 varying from normal incidence
(0 =0°) to grazing incidence (0 =70°) in the Hj and
H, configurations (see Fig. 4). No significant rema-
nent magnetization at zero magnetic field was observed
for both configurations, indicating the absence of long-
range ferromagnetic order. However, the square shape
of the magnetization curves suggests a short-range mag-
netic order and therefore an interatomic magnetic cou-
pling. The angular dependence of the magnetization
measured for an applied magnetic field of 025 T
and normalized to the saturation value at 6 T is plotted in
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FIG. 4. Magnetization (M) of 4 ML, recorded at 4 K at the
L; Co edge. M as a function of the applied field in the (a) H)
configuration and (b) H, configuration. Magnetization curves are
measured at the grazing incidence (0 = 70°, filled red dots and filled
blue squares) and at the normal incidence (6 = 0°, open red dots
and open blue squares). The curves have been normalized to their
saturation value at 6 T. Insets: angular dependence of the magnetiza-
tion. Variation in both configurations of the magnetization at 0.25 T
normalized to the saturation magnetization at 6 T (Ms,) as a function
of the incidence angle 6. The solid lines are fits of the data according
to the function alsin(0 — 6y)]|.

the inset of Figs. 4(a) and 4(b) for the H) and H, config-
urations, respectively. The results clearly evidence that an
in-plane magnetization is favored. The MAE in the directions
parallel and perpendicular to the nanolines can be derived
from the magnetization curves along the easy and hard axes
displayed in Figs. 4(a) and 4(b) using Eq. (2) in Ref. [33]. We
obtain a MAE in the direction parallel to the Co nanolines:
K, = (48 £ 10) ueV/at and a MAE in the direction perpen-
dicular to the Co nanolines: K; = (51 & 10) ueV/at. These
values are slightly lower than bulk hexagonal-close packed Co
(70 peV/at). Surprisingly, the measured MAE is similar in
both directions, suggesting an isotropic in-plane magnetiza-
tion. Nevertheless, since strong in-plane anisotropic behavior
of the magnetization has been evidenced theoretically and
experimentally in similar 1D Co- and Fe-based systems
[6,8,11,14], such isotropic in-plane magnetization is not ex-
pected. We outline that no privileged in-plane orientations
for the magnetization other than the direction parallel or
perpendicular to the chains have been reported in all these
studies. Interestingly, a theoretical study has shown that for
Co monoatomic wires deposited on Cu(001), the easy axis
is along the wires with a very small energy barrier between
the directions parallel and perpendicular to the chain axis
[14]. Similarly, a weak in-plane magnetic anisotropy between
the axes parallel and perpendicular to the nanolines may be
present, hidden in the uncertainty of our MAE measurements.

To provide a comprehensive description of the magnetic
behavior of our Co system, temperature-dependent magneti-
zation measurements have been carried out. In Fig. 5, we have
plotted the magnetization measured for an applied magnetic
field Hy and H, of 0.25 T as a function of the temperature,
after having applied a magnetic field of 6 T. A plateau is
observed below 20 K for both H; and H, configurations,
suggesting that a transition from a blocked state to a su-
perparamagnetic configuration occurs above 20 K. We can
thus estimate that the blocking temperature 7p is between
20 and 40 K.

*Hy
[} Hl

M0.25T/ Msat
o
e

0 20 40 60 80 100
Temperature (K)

FIG. 5. Variation of the magnetization for an applied magnetic
field of 0.25 T normalized to the saturation magnetization at 6 T
(Msgy) as a function of the temperature, for an applied magnetic
field H (filled red dots) and H, (filled blue squares) at 6 = 70°.

Black dashed lines are eye guides for the blocked state and the
superparamagnetic behavior.

To estimate the size of the spin blocks that compose the Co
nanolines, we have studied the field dependence of the mag-
netization as a function of the temperature in the H and H
configurations. In Figs. 6(a) and 6(b), we present the magne-
tization curve of the 4-ML, film recorded at 60 K, measured
along the two easy axes of magnetization, parallel and perpen-
dicularly to the Co nanolines. In agreement with Fig. 5, the
magnetization curve has a slightly more pronounced square
shape in the Hj configuration. In the framework of classical
Boltzmann statistics, the field dependence of the magnetiza-
tion of an assembly of particles composed of N coupled atoms
with magnetic moment Nmy, and magnetic anisotropy NK
obeys

f’htot - ﬁe(Nﬁ’lot'FI+NK(ﬁlml~@)2)/kBTdQ

f e(NﬁhoriI-i-NK(ﬁltot'é)z)/kBTdQ

M = Mgy , (D
where Mg, is the saturation value of the magnetization, e,
e, and H represent the unit vectors of the easy-axis direc-
tion, the magnetic moment per atom, and the field direction,

(b) H,
T=60K
N,=174

M (a.u)
M (a.u)

6 4 2 0 2 4 66 2 0 2
Magnetic field (T) Magnetic field (T)
FIG. 6. Magnetization (M) of 4 ML, recorded at 60 K at the L;
Co edge. (a) M as a function of the applied field measured in the H|
configuration with 6 = 70°, normalized to its saturation value at 6
T (filled red dots). The solid line is the fit to the data according to
Eq. (1) with my,; = 1.06 ug/at and K; = 48 ueV/at, giving Ny =
171. The dashed line corresponds to the magnetization of an isolated
Co atom, given by Eq. (1) with N = 1. (b) The same as (a) in the H,
configuration with m,; = 0.98 ug/at and K, = 51 ueV/at, giving
N, = 174. Experimental magnetization M is represented with filled
blue squares.
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TABLE I. Values of Ny and N, as a function of the temperature
derived from fits of the experimental magnetization of 4 ML, ac-
cording to Eq. (1). The bold numbers correspond to the values of N,
and N, extracted from fits of the data with m = 1.06 ug/at, K| =
48 peV/at and my; = 0.98 ug/at, K, = 51 pueV/at, respectively.

T =40K T =60K T =80K T =100K

Ny 132<153<184 147<171<204 151<176<209 158<183<217
N, 143<164<194 152<174<205 139<159<186 134<153<179

respectively, and i, H represent the vectors of the magnetic
moment per atom and the applied field, respectively. The in-
tegration is carried out over the solid angle €2 of the magnetic
moment in spherical coordinates. Considering that the upper
Co layers are decoupled from the metallic silver substrate by
the weakly magnetic first two Co layers, the total magnetic
moments in both configurations of the two upper Co layers
are given by Moy = My + Mg and myy | = mp | + ms, . The
dashed lines in Figs. 6(a) and 6(b) represent the magnetiza-
tion given by Eq. (1) with N = 1. We clearly see that the
magnetic response of our Co system is different from the one
expected for an assembly of isolated Co atoms. Thus, the Co
nanolines behave more likely as a superparamagnetic system
composed of segments (spin blocks) containing N exchange-
coupled Co atoms. We define Ny and N, as the number of
coupled Co atoms derived from Eq. (1) with a magnetic field
applied along and perpendicularly to the axis of the nano-
lines, respectively. By fitting with Eq. (1) the experimental
magnetization curves shown in Figs. 6(a) and 6(b) with the
set of parameters (1 = (1.06 = 0.15) ug/at; K = (48 =
10) ueV/at) and (myr; = (098 £0.13) up/atK; = (51 £
10) ueV/at), we obtain Ny = 171 and N, = 174. We note
that, as expected, Ny and N, are very similar. We underline
that the values of N and N, allow fitting according to Eq. (1),
the experimental magnetization curves recorded with angle 6
ranging from the easy- to the hard axis of magnetization.

The fits made at T = 40, 60, 80, and 100 K are summarized
in Table I. The upper (respectively, lower) values of N and
N, are obtained by fitting the magnetization with the lower
(respectively, upper) values of the total magnetic moment and
the MAE. We can assume that within the uncertainties Ny and
N, remain constant while varying the temperature, leading
to an average value of (171 £ 30) Co atoms and (163 =+
25) Co atoms, respectively. Thus, as expected, Ny and N
are identical within the uncertainties. A statistical analysis of
STM images published in Ref. [25] revealed that, in the early
stages of growth, more than 80% of the Co dimer nanolines
are coupled to a second nanoline of similar length on the same
Si DNRs. Thus, considering double rows of Co dimers and the
two upper Co magnetic layers, the length of a spin block mea-

sured in the H) configuration corresponds to N /8 = (21 £ 4)
dimers, i.e., (9 &= 2) nm and to N, /8 = (20 &£ 3) dimers, i.e.,
(8.5 & 1.5) nm in the H, configuration. We outline that from
an experimental point of view, the size of the spin blocks
cannot be straightforwardly compared to the length of the
Co nanolines since XMCD probes the magnetic response of
the whole Co ultrathin film while STM gives only access to
the morphology of the top layer. In our case of a nonperfect
layer-by-layer growth, we thus solely observe by STM the
uncovered parts of the different Co layers. Nevertheless, the
length of the spin blocks is remarkably similar to the length
of the Co nanolines (~6 nm) estimated from STM measure-
ments. We remind that this length has been assimilated to
the nanoline length of the first Co layer. It can be assumed
that, during the growth, some Co nanolines in the upper layers
have coalesced in the direction parallel to the Si NRs, forming
longer Co nanolines. Moreover, the larger length derived from
our fits could result from the fact that the contribution of the
first two Co layers is not considered in the fits using Eq. (1).
Even if XMCD measurements revealed that these two Co
layers have a weak magnetic response, taking into account
their contribution would reduce the estimated length of the
spin blocks. Thus, our fit process strongly suggests that the
Co system behaves as a superparamagnetic system composed
of thermally fluctuating 1D segments.

IV. CONCLUSION

The combined STM-XMCD study reported in this paper
provides a comprehensive description of the magnetic Co
nanolines grown on a 1D Si nanotemplate. The Co ultra-
thin film, ~4 ML, thick, is composed of dimer nanolines
aligned with respect to the Si NRs and are ~6 nm in length.
Field-dependent magnetization measurements evidence that
an in-plane magnetization is favored. The Co system be-
haves as a superparamagnetic system composed of thermally
fluctuating 1D segments (spin blocks) of two layers thick,
containing each ~170 coupled Co atoms. The length of the
spin block, ~9 nm, is found to be similar to the length of
the grown Co nanolines. This length is didacted by the Co
diffusion into the Si layer. It would appear interesting to grow
longer nanolines to know whether the ferromagnetic coupling
of magnetic atoms is limited by the length of the nanolines or
is related to the occurrence of critical fluctuations. Finally, we
stress that our study illustrates the richness of the magnetic
anisotropy of low-dimensional systems.
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