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Morphology and capping effects in the magnetic and magneto-optical properties of nanoparticulate
Co films
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Magnetic and magneto-optical properties of Co films are studied as a function of the morphology and the
capping layer. We show that the nanoparticulate structure of the Co films has a clear influence on the magnetic
and magneto-optical properties of the system. Kerr measurements combined with x-ray magnetic circular
dichroism provide evidence of a strong correlation between the collective magnetic behavior of the system and
the individual atomic magnetic response. The influence of the magnetic nature of the capping layer (Al, Au,
and Pt) is also analyzed. Polarized capping layers, such as Pt, magnetically couple the nanostructures and not
only increase the effective anisotropy of the system but also enhance the atomic magnetic moment of Co and

the global magneto-optical activity.
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I. INTRODUCTION

Magnetic nanoparticles have generated growing interest
as their restricted dimensions result in a drastic change in the
physical properties of the system. In particular, nanoparticles
of transition metals such as cobalt, iron, or nickel are highly
magnetic with moments that exceed the bulk values.!~> The
reduced coordination of the atoms at the surface is one of the
reasons of this behavior since it enhances the orbital mag-
netic moment.*> The examination of the influence of differ-
ent physical parameters on the spatial and magnetic order in
nanoparticulate systems should contribute to a better under-
standing of the nature of the interactions responsible for the
magnetism.! This in turn will enable the magnetic properties
of these materials to be tailored to specific applications, such
as for magnetic recording.

Another important feature to take into account, in order to
achieve the desired modified magnetic response, is the nature
of the materials in contact with the magnetic system. In
nanoparticulate systems, the high fraction of atoms at the
surface critically enhances the role of the interface.” Thus,
the capping layer is not only a key factor to preserve the
stability of the magnetic system but also influences the mag-
netic response through hybridization with the 3d orbitals of
the transition metals.® This makes it important to study
changes in the magnetic properties of nanoparticles due to
coating with different materials.®

In this paper, we report the effect of three metal capping
layers with different tendencies for induced magnetic polar-
ization. These are Pt, which shows a strong tendency to be
magnetically polarized, Au, which only weakly polarizes,
and Al, which does not polarize. A complete understanding
of these systems is a challenging issue with potential appli-
cations in high-density data storage devices and magneto-
optical sensors.” We examine the influence of both the nano-
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particulate structure and the capping layer on the magnetic
and magneto-optical properties. Kerr measurements are per-
formed to study the collective magnetic behavior of each
system. This magneto-optical characterization is highly sen-
sitive to small amounts of material and to modifications of
the morphology and electronic structure of the system.’
These results are complemented with x-ray magnetic circular
dichroism (XMCD) measurements that are able to extract the
element-specific local magnetic moments.'? This technique
enables a better understanding of the magnetic properties, as
it is an atomiclike probe of the magnetism.

II. EXPERIMENTAL DETAILS

The sample preparation was performed by means of sput-
tering deposition in an ultrahigh-vacuum chamber with base
pressure in the low 10~ mbar range. 1.2 nm thick Co films
were deposited on Al,03(0001) substrates by magnetron
sputtering deposition at 1.5X 10~ mbar Ar and with three
different substrate temperatures applied during the Co depo-
sition [namely, room temperature (RT), 300 °C, and 600 °C]
in order to promote a two-dimensional (2D) to three-
dimensional (3D) growth mode transition, as has been ob-
served in similar systems.® A low voltage of 450 V was ap-
plied to the Co target (4 W sputtering power) in order to
obtain a slow and well controlled Co deposition rate of
0.032 A/s. Following Co deposition, three different metallic
layers (namely, Au, Al, and Pt) with thicknesses of 3.5 nm
were deposited on top by means of triode sputtering deposi-
tion at 4 X 10~* mbar Ar, with deposition rates of 0.5, 0.32,
and 0.21 A/s, respectively, and at RT in order to promote a
conformal growth mode with the Co surface.

The sample structure and morphology were characterized
by atomic force microscopy (AFM) and x-ray techniques
such as x-ray reflectrometry (XRR) and x-ray diffraction
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(XRD). AFM images were taken using a Nanotec™ micro-
scope operating in noncontact dynamic mode, i.e., with a
mechanically modulated cantilever. Silicon cantilevers from
NanoSensors™ with a force constant k=5 N/m and tip ra-
dius of ~10 nm were used. The XRD and XRR experiments
were performed in a four-circle diffractometer with Cu K«
(A=1.5418 A) radiation using a Bragg-Brentano configura-
tion and 1/4° slits.

The magnetic characterization was carried out by means
of Kerr effect techniques and XMCD. In particular, in situ
transverse Kerr loops were measured at RT by applying an
in-plane magnetic field and using a 633 nm HeNe laser at
45° incidence angle geometry. Loops were measured in situ
before and after the capping layer deposition in order to
study its influence on the magnetic behavior. In the case of
the ex situ polar Kerr loops, 530 nm light in normal inci-
dence was used and the Kerr rotation angle was recorded.
The magneto-optical (MO) activity of the samples was stud-
ied by means of a polar Kerr spectrometer in the spectral
range from 1.4 to 4.3 eV. Details of the technique can be
found elsewhere.!! The magnetic characterization of the
samples with XMCD was performed by x-ray absorption
spectroscopy (XAS) in total electron-yield mode on beam-
line 5U.1 of the Synchrotron Radiation Source (SRS) at
Daresbury, UK. All XMCD measurements were performed at
RT using an eight-pole vector magnet which can provide
magnetic fields up to =0.9 T. The results presented here
were measured while applying the magnetic field parallel to
the incident x-ray beam and reversing its direction at each
photon energy point. The degree of polarization was 53% as
deduced from a reference sample with the structure 30 A
Al1/40 A Co/A1,05(0001). Incomplete magnetization satura-
tion in the XMCD geometry was corrected with the magne-
tization values extracted from the Kerr hysteresis loops mea-
sured in the polar configuration.

III. Co/ALO; SYSTEM

For this study, commercial Al,O5(0001) substrates with a
measured miscut angle of 3.25° were used. XRD measure-
ments revealed that the miscut direction had an angle of 45°

with the in-plane principal crystallographic direction [1120]
of the Al,05(0001) lattice. This results in the formation of
terraces of atomic height on the surface, whose edges are
aligned along different directions, as can be observed in the
AFM image in Fig. 1. XRD measurements of a 25 nm thick
Co film grown on the hexagonal Al,05(0001) face showed
that the Co grows as an hexagonal closed packed (hcp)
phase, with its lattice rotated 30° with respect to that of the
substrate.

Previous reports on similar magnetic systems indicated
the presence of in-plane uniaxial anisotropies related to the
existence of monatomic-height steps. For example, uniaxial
magnetic anisotropies with the easy axis perpendicular to the
step edges were found in Fe/W(100),'>!3 whereas anisotro-
pies with the easy axis parallel to the step edges were found
in Co/Cu(100),'*-1¢ Fe/Ag(100),'” and Co/Au(322)."® In
order to investigate the in-plane magnetic anisotropy in the
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direction

FIG. 1. (Color online) AFM image for the bare Al,03(0001)
substrate, in which atomic height terraces are visible. The drawn
blue line represents the miscut direction of the substrate. Image
size: 3.6 nm vertical and 1400 nm lateral.

Co/Al,O3 system, in situ transverse Kerr loops were ob-
tained for the abovementioned 25 nm thick Co film (Fig. 2),
with the magnetic field applied along different in-plane di-
rections. The magnetization reversal processes were found to
depend on the in-plane direction. For instance, at 90° to the

principal in-plane direction [1120], a square loop with a

single switching field is found, whereas at 150° to [1120],
three switching fields are detected, revealing the existence of
a complex magnetization reversal process. Figure 2 also
shows the reduced in-plane magnetic remanence (M,/M,) as
a function of the applied field angle. As can be seen, the
magnetization exhibits a nonsymmetric shape, suggesting the
existence of several competing in-plane magnetic anisotro-
pies. To explain the origin of these anisotropies, several fac-
tors must be taken into account. First, the atomic height ter-
races of the substrate are aligned along different directions
(as shown by AFM), giving rise to a complex step-induced
magnetic anisotropy. Second, the orientation of the Co lattice
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FIG. 2. (Color online) Transverse Kerr loops measured for a
25 nm thick continuous Co film with the applied magnetic field
along different in-plane directions, as indicated. Center: polar plot
showing the reduced remanence magnetization (M,/M,) versus the
angle of the applied field. The misfit direction (perpendicular to the
average terrace edges direction) is shown by the drawn blue line,
and the three principal crystallographic directions of the Co film are
shown by the dotted lines.
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FIG. 3. (Color online) Effective magnetic anisotropy constant
(K.s) as a function of the Co thickness. The line is a guide to the
eye.

may introduce an additional crystallographic anisotropy. Ow-
ing to the fact that the shape of the M,/ M, plot (Fig. 2) is
closer to that of a uniaxial anisotropy system, it can be de-
duced that the step-induced anisotropy is the stronger contri-
bution in this case. It can also be seen that the in-plane easy
axis is nearly perpendicular to the average terrace edges di-
rection, which is consistent with the Fe/W(100) system.

Additionally, the value of the magnetic anisotropy as a
function of the Co thickness was investigated to confirm its
mainly step-induced origin. The effective anisotropy constant
(K.g) of Co films of thicknesses up to 25 nm were obtained
from the saturated transverse loops measured along the hard
axis, and its dependence with the nominal Co thickness is
shown in Fig. 3. An initial increase of K ; was observed for
Co thickness between 1.2 and 2.6 nm, reaching a maximum
value of 1.35X 107 J/m?, probably related to a nonperfect
magnetic connection between the Co deposited on the differ-
ent terraces. No in situ transverse MO Kerr signal was ob-
tained for thickness below 1.2 nm due to the detection limit
of the experimental setup. For higher Co thickness, a pro-
gressive and slow decrease of K. was observed, revealing a
weak dependence with thickness, as reported previously for
Fe/W(100) (Ref. 12) and Fe/Ag(100) (Ref. 17) systems.
Berger et al.'* and Choi et al.'? ascribed this step-induced
magnetic anisotropy to the effect of lattice symmetry break-
ing in the steps and to the influence of strain at the step
corners. They concluded that the direction of the induced
uniaxial anisotropy (parallel or perpendicular to the edges of
the terrace direction) depends on the substrate-film electronic
hybridization.

IV. MORPHOLOGY

The surface morphology of nominally 1.2 nm thick Co
films grown at RT, 300 °C, and 600 °C, before and after Al,
Au, and Pt capping layer deposition, was investigated by
means of AFM. First, in order to study the morphology evo-
lution as a function of the Co deposition temperature, ex situ
AFM images were obtained for a series of uncapped Co
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VERTICAL SCALE:

3.6 nm in all the images

FIG. 4. (a) AFM image for the Al,05(0001) substrate. (b) AFM
images for the Co films grown at RT, 300 °C, and 600 °C (col-
umns), uncapped and capped with Al, Au, and Pt films (rows). The
vertical scale is 3.6 nm in all images.

films grown at RT, 300 °C, and 600 °C [Fig. 4(b)]. In order
to minimize the effect of Co surface oxidation, the AFM
measurements were performed immediately after the samples
were removed from the UHV chamber. The film deposited at
RT reproduces roughly the morphology of the Al,04(0001)
substrate, and atomic height terraces are observed on the
surface. On the other hand, a noticeable change is seen for
Co films deposited at 300 and 600 °C. In this case, the for-
mation of nanoparticles with increasing diameter and height
is observed. To obtain the nanoparticle diameter and mean
interparticle distance (defined with respect to the centers of
the nanoparticles), we used the 2D autocorrelation of the
WSXM software."”

The nanoparticle average height was calculated by aver-
aging the heights found in several AFM profiles. It should be
mentioned that convolution effects of the microscope tip can-
not be disregarded in the AFM images since the tip radius is
of the same order of magnitude as the nanoparticle diameter.
Moreover, the tip cannot penetrate the interspace between
adjacent nanoparticles, and as a result, the measured height
can be smaller than the actual one. The existence of a con-
tinuous film underneath the nanoparticles cannot also be ne-
glected. Using this formalism, the Co film deposited at
300 °C was found to consist of nanoparticles with average
diameter and height of 15 and 0.7 nm, respectively, and av-
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TABLE 1. Average diameter (d), height (1), and mean intercenter distance (/) (all dimensions in nm) obtained from the AFM images for
the nanoparticles of the uncapped and Al, Au, and Pt capped systems, whose Co films were deposited at 300 and 600 °C.

Co Co/Al Co/Au Co/Pt
d l h d [ h d l h d [ h
300 °C 15 20 0.7 16 17 0.4 16 17 0.8 12 20 0.8
600 °C 17 29 2 15 25 0.5 14 25 0.7 14 27 1.1

erage interparticle distance of 20 nm. The Co film deposited
at 600 °C was found to contain larger nanoparticles with
average diameter and height of 17 and 2 nm, respectively,
and average interparticle distance of 29 nm.

After establishing the Co growth mode as a function of
the deposition temperature, the morphology of the capped Co
films was investigated. As mentioned previously, 3.5 nm
thick Al, Au, and Pt capping layers were deposited at RT in
order to obtain a conformal growth mode with the Co films.
AFM images for the Co films grown at RT, 300, and 600 °C,
and subsequently capped with Al, Au, and Pt are shown in
Fig. 4(b). The measured diameter, height, and interparticle
distance for these films, together with those of the uncapped
samples, are listed in Table I. Regarding the Al capped sys-
tems [second row in Fig. 4(b)], the RT deposited film has a
similar structure to the uncapped RT film. However, the Co
films that were grown at 300 and 600 °C exhibit nanopar-
ticles of similar size to that of the uncapped films, but with
smaller heights. The reduction of the nanoparticle height
may be due to the oxidation of the Al capping layer resulting
in amorphous Al,Os, which has a tendency to fill the inter-
particle areas and thus smooth the surface. In the third row of
Fig. 4(b), the AFM images of the Au capped systems are
depicted. Again a flat surface reproducing the substrate
atomic height terraces is observed in the Co film grown at
RT. A slight reduction of the average nanoparticle height in
the Co films grown at 300 and 600 °C is also found due to
the tendency of Au to fill the interparticle areas. Finally, it
can be seen that Pt appears to be the capping material with
the best conformal growth on Co [fourth row in Fig. 4(b)].
Indeed, a comparison of the AFM images in Fig. 4(b) and the
parameter values listed in Table I suggests that the Pt capped
Co films have morphologies very similar to those of the un-
capped Co films.

V. MAGNETIC ANISOTROPY
A. Macroscopic magnetic properties

The magnetic anisotropy and magnetization reversal pro-
cesses in the 1.2 nm thick films were studied by performing
polar and transverse Kerr loops at RT. Transverse Kerr loops
were carried out in sifu before and after the capping layer
deposition in order to study the influence of the capping
layer on the magnetic behavior. In Fig. 5, transverse Kerr
loops for the uncoated Co films deposited at RT, 300, and
600 °C are depicted. These loops were measured along the
easy (lines) and hard (symbols) in-plane axes. The onset of
uniaxial in-plane magnetic anisotropy can be seen in the con-

tinuous Co film deposited at RT due to the presence of
monoatomic height terraces, as described in Sec. III. How-
ever, this anisotropy disappears in the nanoparticulate Co
films deposited at 300 and 600 °C since the appearance of
nanoparticles induces an extra configurational anisotropy
which smears out the uniaxial counterpart.”’ In the case of
the Co film deposited at 300 °C, a nonsaturated minor loop
is observed. The small nanoparticles in this film have a size
approaching the superparamagnetic volume for Co at RT
(~200 nm?). The shape of the loop reflects the weak ex-
change coupling between these quasisuperparamagnetic
nanoparticles. On the other hand, in the case of the nanopar-
ticulate Co film grown at 600 °C, in which the nanoparticles
were found to be larger (average diameter of ~17 nm) and
thus above the superparamagnetic limit, a ferromagnetic loop
is observed. In the case of the uncoated Co films, it was not
possible to obtain polar loops due to the oxidation of Co
when exposed to air.

The polar and transverse Kerr loops measured at RT for
the capped Co films are shown in Figs. 6—8. In the case of Al
capping, a very small influence in the transverse loops (left
column of Fig. 6) is observed when compared to the un-
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FIG. 5. (Color online) Transverse Kerr loops for the bare Co
films deposited at RT, 300 °C, and 600 °C measured with the ap-
plied magnetic field along the in-plane easy axis (black line) and
hard axis (red dots).
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FIG. 6. (Color online) Left column: transverse Kerr loops for
the Al capped Co films deposited at RT, 300 °C, and 600 °C mea-
sured with the magnetic field along the in-plane easy axis (black
line) and hard axis (red dots). Right column: corresponding polar
Kerr loops measured with the applied magnetic field along the per-
pendicular direction. The Al capping does not appreciably affect the
magnetic anisotropy of the system.

coated Co films (Fig. 5). Both the uniaxial anisotropy in the
continuous film grown at RT and the above mentioned trend
as a function of the nanoparticles size are clearly observed.
Polar Kerr loops for the Al capped Co films are shown in the
right column of Fig. 6. Closed loops with a high saturation
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FIG. 7. (Color online) Left column: transverse Kerr loops for
the Au capped Co films deposited at RT, 300 °C, and 600 °C mea-
sured with the applied magnetic field along the in-plane easy axis
(black line) and hard axis (red dots). Right column: corresponding
polar Kerr loops measured with the applied magnetic field along the
perpendicular direction.
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FIG. 8. (Color online) Left column: transverse Kerr loops for
the Pt capped Co films deposited at RT, 300 °C, and 600 °C mea-
sured with the applied magnetic field along the in-plane easy axis
(black line) and hard axis (red dots). Right column: corresponding
polar Kerr loops measured with the applied magnetic field along the
perpendicular direction. A strong modification of the magnetic an-
isotropy is found due to the Pt polarization at the Pt-Co interface.

field are found in all cases, for systems in which the magne-
tization remains in-plane in equilibrium condition. The 2D to
3D growth mode transition is reflected by a decrease of the
saturation field as the nanoparticles are formed and the de-
magnetization factor decreases.

For Au as the capping material, more dramatic modifica-
tions in the uniaxial magnetic anisotropy of the Co film
grown at RT are found (left column of Fig. 7). An increase of
the in-plane coercive and saturation fields is observed, re-
lated to an increase of the effective anisotropy constant K.
This change may be due either to the slight polarization of
Au in the Co/Au interface region or to the enhancement of
the Co anisotropy, as observed in continuous and nanopar-
ticulate films covered by Au.?!?> A very slight decrease of
the saturation field can be observed in the nanoparticulate Co
films grown at 300 and 600 °C. In the case of the polar loops
shown in the right column of Fig. 7, a more marked decrease
of the saturation field related to the formation of nanopar-
ticles is found, decreasing from 0.9 T in the continuous Co
film to 0.7 T in the nanoparticulate Co film grown at 600 °C.

Finally, the most pronounced effect is found in the Pt
capped Co continuous and nanoparticulate films. The polar-
ization of Pt when in contact with magnetic materials at
Co/Pt interfaces has been widely investigated by means of
XMCD,* Kerr spectroscopy,”?* and ab initio
calculations.?*?3 Polarization of the Pt atoms in contact with
a Co surface is due to the hybridization of the Co 3d and
Pt 5d orbitals. Suzuki et al.® measured a magnetic moment
per atom of 0.61 up for the Pt atoms at the interface, decreas-
ing exponentially with the distance to the interface such that
the first four atomic layers contain 90% of the total Pt mag-
netization. In addition, it has been found an increase of the
perpendicular Co orbital moment localized at the Co/Pt in-
terface, giving rise to perpendicular magnetic anisotropy.’®
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As can be observed in Fig. 8, these effects strongly influence
the magnetic anisotropy. For the Pt capped continuous Co
film grown at RT (Fig. 8), a significant increase of the in-
plane coercive and saturation fields is found, being compat-
ible with an increase of the in-plane effective magnetic an-
isotropy K. In the case of the Co films grown at 300 and
600 °C, a decrease of the saturation field is observed due to
the presence of polarized Pt which is able to connect mag-
netically the nanoparticles, as found in earlier studies.”® In
addition to the increase of in-plane magnetic anisotropy, the
onset of a new magnetic anisotropy in the direction perpen-
dicular to the surface is found in the polar loops (right col-
umn of Fig. 8). This is manifested as a strong decrease of the
saturation field and the onset of hysteresis in the continuous
Co film grown at RT (note the change of scale with respect to
the Al and Au cases). In the case of the nanoparticulate films,
a progressive weakening of the Pt polarization with increas-
ing particle size is found, as demonstrated by the enhanced
saturation field and reduced remanence. This fact is also sup-
ported by the MO spectral analysis discussed below. It is
worth noting that in the case of the Pt capping, hysteresis is
found in both the in-plane and perpendicular loops for a
system with two combined anisotropies: on the one hand, the
shape anisotropy of Co (both in continuous and nanoparticu-
late films) forces the magnetization to remain in plane, while
on the other hand, the anisotropy induced by the Co/Pt in-
terface prefers the magnetization in the direction perpendicu-
lar to this interface.

B. Atomic magnetic properties

The XMCD technique is now well established in material
science for the investigation of magnetic properties. In a
magnetic material, the XMCD corresponds to the difference
in x-ray absorption upon reversal of either the helicity of the
circularly polarized photons or equivalently the magnetiza-
tion direction of the sample. Since the absorption process
involves transitions from atomic core levels to the spin-
polarized valence band, the technique offers element selec-
tivity, i.e., the ability to probe the magnetic properties of a
chosen element in a complex material. The element selectiv-
ity of XMCD enables us to determinate the Co contribution
in the magnetic behavior of the capped Co film structures
discussed here.

Figure 9(a) displays the Co L,3; XAS for a reference
sample with the structure 30 A Al/40 A Co/Al,0;(0001)
measured for opposite magnetization directions. The corre-
sponding difference spectrum, i.e., the XMCD spectrum, is
shown in Fig. 9(b). The Co magnetic moments were ex-
tracted from the XAS and XMCD spectra using the sum
rules.”’ Here, we have neglected in the analysis the so called
saturation effects'®?® because these effects are expected to be
negligible in thin film structures such as those studied here.
The orbital moment u;, spin moment ug, magnetic dipole
term 7,, and number of 3d holes n;, (all per atom) in the
ground state are related to the integrated intensities of the
difference AA, 5 and sum A, ; spectra over the corresponding
L, 5 edges according to*’

pr_ 4445+ A4,

. , 1
ny 3 A3+A2 ( )
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FIG. 9. Top panel: normalized XAS measured on the 30 A
Al740 A Co/Al,05(0001) sample for the two opposite magnetiza-
tions. Bottom panel: corresponding difference spectrum (XMCD).

,LL5+7TZ =_2AA3—2AA2 (2)

ny A3 +A2

Theoretical results** indicate that 77,/ ug<0.1, hence giv-
ing an error in ug up to 10% by neglecting 7.

The effect of the capping layers and morphology on the
magnetic moments is illustrated in Fig. 10. The XMCD spec-
tra have been normalized to the Co L; peak and are also
compared to the reference sample 30 A Al/40 A
Co/Al,05(0001). It appears that Al and Pt capped samples
produce a smaller area under the Co L, peak than the refer-
ence sample, which reflects an increased orbital moment
contribution. Since the XMCD sum rule analysis returns the
values of u;/n;, and ug/n;,, knowledge of the exact number
of 3d holes is needed to obtain the values of the magnetic
moments per atom. In low-dimensional structures, such as
thin films and nanoparticles, the electronic structures are
modified as compared to their “bulk” analogs. Such elec-
tronic structure modifications change the number of holes
and consequently we cannot assume that n,, for the thin films
and nanoparticles studied here is the same as the bulk Co
value. According to the XAS sum rule,?! n;, is proportional to
A;+A,. Following the procedure used in previous work,?
the XAS spectra were normalized to the intensity above the
L, edge and the relative change in the integrated XAS signal
was determined for the different systems. The 30 A Al/40 A
Co/Al,05(0001) structure was taken as reference, assuming
a value of n,=2.49 for hcp Co.3*3*

The extracted values of n;, (Table II) were found to be
reduced from the bulk value by ~10% as a consequence of
the reduction of the Co film thickness. However, no signifi-
cant influence of the nanostructure was found. The values of
the atomic magnetic moments, taking into account the devia-
tion of n;, from the bulk Co value, are listed in Table III.
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FIG. 10. (Color online) Normalized Co L,; XMCD spectra
showing the dependence on the capping layer and morphology of
the deposited layers: Al capping (top panel) and Pt capping (bottom
panel). The XMCD spectrum of the reference sample, 30 A
Al/40 A Co/AL,04(0001), is also shown for the purpose of
comparison.

These values were obtained assuming that the mixing of the
j=3/2 and j=1/2 states as well as the contribution of the sp
valence band to the L, 53 XMCD signal can be neglected, and
that 7,~0.

From Table III, it can be seen that the Co films deposited
at 300 °C possess higher spin and orbital atomic magnetic
moments than those deposited at RT, independent of the cap-
ping composition. Hence, the nanostructuration produced by
deposition at 300 °C has a dramatic effect on the atomic
magnetic moments. However, the u; / ug ratio of these nano-
structured Co films was found to depend on the capping
layer, reflecting its important role in controlling the magnetic
properties. The wu;/ug ratio was increased for an Al capping
and decreased for a Pt capping. This behavior suggests that
the nanoparticles formed on the Co films deposited at
300 °C are not interconnected. Since Al has no d states for
hybridization with Co, the magnetic interaction is small and
the Al capped sample presented the typical response of iso-
lated particles.*> On the other hand, the Pt capping magneti-
cally shunts the particles due to the hybridization between
Co and Pt and it reduces the u;/ug ratio.

The effect of the capping layer was further analyzed by
studying the atomic magnetic moments of the Co films de-
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TABLE II. Number of 3d hole n;, depending on both the cap-
ping layers and the morphology of the deposits, assuming n,,
=2.49 for the reference sample.

Capping Co RT Co 300 °C
Pt 2.31(8) 2.2(1)
Al 2.17(2) 2.13(2)

posited at the same temperature. Compared to the reference
sample, the atomic spin moment is enhanced with Pt capping
and reduced with Al capping. Although both reference
sample (4 nm Co thick) and the 1.2 nm Co thick sample
were capped with Al, it can be observed that they display
different atomic magnetic moments. It is inferred that such
behavior is related to the thickness of the Co layers. The
effect of the formation of an interface alloy between the Co
and the Al deposits is enhanced for the thinnest Co deposits
when compared to the reference sample as also observed in
the case of Fe nanoparticles capped with A1.33

On the other hand, there is an enhancement of the atomic
orbital moment for both Pt and Al cappings. This quantity is
very sensitive to small changes in the surface structure3® and
lowering the dimensionality is one of the main causes lead-
ing to an enhanced atomic orbital moment.?” In addition, this
quantity also depends on the geometry,*® which could be the
reason of the higher u; values obtained in the nanostructure
samples, especially in the Al capped film. As a consequence
of these variations, the Pt capped samples significantly en-
hance the total atomic magnetic moment, with the strongest
effect observed in the Co film deposited at 300 °C.

VI. MORPHOLOGY AND CAPPING EFFECTS IN THE
MAGNETO-OPTICAL ACTIVITY

MO Kerr spectroscopy is a very sensitive technique to the
electronic structure of magnetic materials and to the nature
of their environment. Consequently, it is also very sensitive
to the morphology, to the matrix nature in the case of nano-
particles, and to the onset of magnetic polarization in the
matrix material. To investigate the influence of the morphol-
ogy and the matrix nature on the MO activity, polar Kerr
rotation and ellipticity measurements were carried out in the
optical region from 1.4 to 4.3 eV. Rotation and ellipticity
spectra for 1.2 nm thick Co films grown at RT, 300 °C, and
600 °C with capping layers of 3.5 nm of Au, Al, and Pt are
shown in Figs. 11(a)-11(c), respectively. Very different
trends as a function of the Co deposition temperature (and
therefore morphology) are observed depending on the matrix
material. For the Au capping, changes are observed between

TABLE III. Co atomic magnetic moments as a function of capping layers and morphology of the deposits.

Co RT Co 300 °C Reference
Capping Hs 3 Mr! s s M mr! s Hs M Mr/ s
Pt 1.89(3) 0.23(1) 0.12(1) 2.35(3) 0.266(6) 0.11(1)
Al 1.25(1) 0.218(3) 0.181(2) 1.52(2) 0.289(2) 0.194(3) 1.61 (1) 0.168 (2) 0.125 (3)
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FIG. 11. (Color online) Polar Kerr rotation and ellipticity spec-
tra for the Co films grown at RT, 300 °C, and 600 °C and capped
with (a) Au, (b) Al, and (c) Pt. The spectral trend depends strongly
on the capping material.

the continuous film (with Co grown at RT) and the nanopar-
ticulate films (with Co grown at 300 and 600 °C), where a
structure centered at 2.5 eV appears in the latter case (inflec-
tion point in rotation and minimum in ellipticity). It is worth
noticing that the spectra for the nanoparticulate Au-capped
Co films are almost identical. A very different behavior is
observed for the Al capped films [Fig. 11(b)], showing a
progressive increase in rotation and decrease in ellipticity for
increasing Co deposition temperature as nanoparticles are
formed. Finally, Pt capped systems [Fig. 11(c)] show a pro-
gressive intensity decrease in rotation and ellipticity as nano-
particles are formed.

In order to explain this trend in the rotation and ellipticity
spectra, numerical simulations were carried out by means of
two different formalisms: the transfer matrix formalism34°
and the scattering matrix formalism.*'*> The former de-
scribes the optical and MO response of systems consisting of
a number of continuous layers stacked along the growth di-
rection and is suitable to simulate the systems whose Co film
was deposited at RT. Nevertheless, to describe the complex
structure of the capped Co nanoparticulate films grown at
300 and 600 °C, it was necessary to use the above men-
tioned scattering matrix formalism, which is able to describe
properly the complex morphology of the capped nanopar-
ticulate films and to calculate its optical and MO activity.
Rotation and ellipticity spectra for the Au-capped continuous
Co film grown at RT [Fig. 11(a)] were used to extract the
MO constants of Co [which may differ from those of the
bulk material due to its small thickness and to effects related
to the presence of Co/Al,05(0001) and Co/Au interfaces].
For this purpose, the transfer matrix formalism was used,
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o Co thin film
——Co bulk
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FIG. 12. Co MO constants extracted from the Au-capped con-
tinuous Co film, together with those obtained for bulk Co by Weller
et al. (Ref. 44).

taking into account the Co and Au optical constants mea-
sured by ellipsometry. As previously mentioned, the Au po-
larization at the Co/Au interface is an order of magnitude
lower than of Pt at Co/Pt, having an atomic magnetic mo-
ments of ~0.03u; (Ref. 43), and can therefore be neglected
in the simulations. The MO constants obtained for the Co
film are depicted in Fig. 12, together with those of bulk Co
(Ref. 44) for comparison. It can be noticed that, compared to
the bulk material, the Co MO constants in the continuous
film are lower over the whole spectral range. These obtained
MO constants were used in the subsequent simulations, pre-
sented below.

For the Au-capped nanoparticulate films whose Co film
was grown at 300 and 600 °C, it was necessary to use the
scattering matrix formalism to simulate the rotation and el-
lipticity spectra. The structure of these nanoparticulate sys-
tems was modeled by dividing them into several layers along
the growth direction and by considering the nanoparticles as
forming an in-plane triangular array. In Fig. 13(a), the cross
sectional morphology of the two nanoparticulate systems is
sketched, taking into account the data obtained from the
analysis of the AFM images. The corresponding models con-
sidered for the simulations (cross sections and plain views)
are shown in Fig. 13(b). The dimensions of the cylinders and
the thickness of the different layers forming the nanoparticles
were selected according to the AFM observations. It is worth
noticing that the AFM tip radius (10 nm) is of the same order
as the interparticle distance, and therefore the measured
nanoparticles height may be slightly smaller. Due to this fact,
it was necessary to consider nanoparticles of 1.5 and 2.7 nm
height for the nanoparticulate films with Co grown at 300
and 600 °C, respectively, in order to obtain consistent re-
sults. It was also necessary to consider continuous Co films
between the nanoparticles, with thicknesses of 7 and 5 A for
the films with Co grown at 300 and 600 °C, respectively. As
can be observed in Fig. 13(c), using this model and the scat-
tering matrix formalism, it was possible to reproduce the
trend in the rotation and ellipticity spectra. Obviously, a per-
fect agreement was found for the sample where the Co film
was grown at RT since it was used to extract the MO con-
stants of Co. In the case of the nanoparticulate systems,
whose Co film was grown at 300 and 600 °C, an excellent
agreement is obtained, reproducing the structure around
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FIG. 13. (Color online) (a) Cross sectional sketches, deduced
from the AFM data, of the Au capped systems where the Co films
were grown at 300 and 600 °C. (b) Cross section and plain views of
the models considered in the simulations. (c) Experimental (sym-
bols) and simulated (lines) polar Kerr rotation and ellipticity spectra
corresponding to these systems.

2.5 eV. It was inferred that this structure, which appears only
in the nanoparticulate systems whose Co nanoparticles are
surrounded by the Au matrix, is related to the Au plasmon
resonance and represents a combined matrix and nanostruc-
turation effect in the MO activity of this system.

Regarding the Al capped systems, a very different trend in
the MO activity is observed, as seen in Fig. 11(b). As previ-
ously mentioned, Al oxidizes outside the vacuum, giving rise
to an amorphous Al,O3 passivation layer on the surface with
a fixed thickness that prevents further oxidization. This alter-
ation strongly modifies the propagation of light in the system
due to the onset of a transparent film on top and may also
modify the MO activity since the electronic confinement
conditions inside the nanoparticles embedded in a dielectric
matrix change, as has been previously described for similar
nanoparticulate systems embedded in dielectric matrix.*~4’
In the case of the Al-capped Co continuous film grown at RT,
it was deduced that in order to reproduce the rotation and
ellipticity spectra, with the MO constants for Co presented in
Fig. 12, it is necessary to take a 3 A thick metallic Al layer
on Co, capped by a 3.2 nm thick Al,O5 passivation layer, as
sketched in Fig. 14(a). In the case of the nanoparticulate
films, simulations were performed using the scattering ma-
trix formalism and modeling their structure analogously to
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FIG. 14. (Color online) (a) Cross sectional sketches, deduced
from the AFM data, of the Al capped systems where the Co films
were grown at RT, 300 °C, and 600 °C. (b) Cross section of the
models considered in the simulations. (¢) MO constants of the Co
present in these systems.

the Au capped systems, supposing in this case a 3 A thick
metallic Al film on the Co nanoparticles followed by a
3.2 nm thick Al,O5 film, as sketched in Fig. 14(b). In this
case, it was not possible to reproduce the trend in the rotation
and ellipticity spectra by only changing the morphology of
the systems. This suggests that the dielectric tensor of Co
may be different to that of the continuous Co film due to the
mentioned confinement effects. In order to investigate this
point, the scattering matrix formalisms and the rotation and
ellipticity spectra were used to extract the Co MO constants
in the systems with Co films grown at RT, 300 °C, and
600 °C. The calculated MO constants are depicted in Fig.
14(c), together with the bulk Co MO constants** for com-
parison. Strong variations can be observed between them,
with a progressive decrease in the intensity as the nanostruc-
turation is more evident, which is compatible with the ob-
served progressive decrease in the electronic relaxation time,
associated  with  confinement effects inside the
nanoparticles. =47 It is therefore demonstrated that the Al
capping after oxidation acts as a dielectric matrix, leading to
strong matrix effects in the MO activity of the system.
Finally, the influence of the Pt capping layer on the MO
activity of the systems was investigated. As shown in Fig.
11(c), a progressive intensity decrease is observed in both
rotation and ellipticity spectra as the nanostructuration is
more evident. In the case of the continuous Pt capped Co
film, simulations were performed by means of the transfer
matrix formalism to simulate the rotation and ellipticity
spectra. Taking into account the MO constants calculated for
Co (Fig. 12) and considering no Pt polarization at the inter-
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FIG. 15. (a) Experimental and simulated polar Kerr spectra for
the Pt capped continuous Co film, considering no Pt polarization at
the Co/Pt interface. (b) MO constants calculated for the polarized
Pt film, together with those obtained for the bulk material for
comparison.

face, the intensity of the obtained rotation and ellipticity
spectra is much lower than the experiment [Fig. 15(a)]. This
fact reveals the necessity to consider a Pt polarized film at
the Co/Pt interface and allows us to extract the MO con-
stants of such a film from the measured rotation and elliptic-
ity spectra. As previously mentioned, Pt polarization at the
Co/Pt interface decreases exponentially with the distance, in
such a way that the first four atomic layers contain 90% of
the Pt mag.;netizz:ltion.6 In this case, as in previous work,” we
considered a 3.5 atomic layers thick (~7 A) polarized Pt
film at the Co/Pt interface, with a constant magnetic moment
throughout its entire thickness.”® Adding this polarized Pt
film and using the matrix transfer formalism, it was possible
to extract the MO constant of polarized Pt from the rotation
and ellipticity spectra of the above mentioned sample, and
they are shown in Fig. 15(b) together with the MO constants
of bulk Co (Ref. 44) for comparison. It is worth noticing that
the real parts are always positive and decrease with the en-
ergy, whereas a sign change is observed in the imaginary
part. Nevertheless, the thickness of the Pt polarized film may
depend on the thickness of the Co film below it. To investi-
gate this point a 5 A thick Co film capped with the same
thickness of Pt (3.5 nm) was prepared. From the analysis of
its rotation and ellipticity spectra, it was inferred that the Pt
polarized film in this case is reduced to 1.5 atomic layers
(3 A). This fact may affect the total amount of polarized Pt
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FIG. 16. (Color online) (a) Cross sectional sketches, deduced
from the AFM data, of the Pt capped systems where the Co films
were grown at RT, 300 °C, and 600 °C. (b) Cross sections of the
models considered in the simulations. (¢) Experimental (symbols)
and simulated (lines) polar Kerr rotation and ellipticity spectra cor-
responding to these systems.

in the case of the nanoparticulate systems with Co films
grown at 300 and 600 °C since the thickness of Co in the
interparticle areas is lower than 1.2 nm.

The scattering matrix formalism was used to perform the
simulations in these systems, considering the same morphol-
ogy for Co as in previous cases, since their deposition con-
ditions were identical. In this case, polarized Pt films were
added onto Co [Fig. 16(a)], with a thickness of 7 A on top of
the nanoparticles, since their height is larger than 1.2 nm,
and a lower thickness of 3.5 and 2 A in the interparticle
areas for the system with Co films grown at 300 and 600 °C,
respectively. This reduction of the amount of polarized Pt as
the Co deposition temperature increases leads to a progres-
sive decrease of the intensity in both the rotation and ellip-
ticity spectra, as the experimental results reflect. As can be
observed in Fig. 16(c), an excellent agreement is obtained
between experimental data and simulations, which demon-
strates that the Co morphology leads to polarization effects
in the Pt film that modify the global MO activity of the
system.

VII. CONCLUSIONS

We have studied the influence of the morphology and cap-
ping layer polarization on the magnetic and magneto-optical
properties of nanostructured Co films. It was found that the
preparation of films at 300 and 600 °C promoted the growth
of nanoparticles with increasing height and diameter. The
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formation of nanoparticles promoted a change in magnetic
anisotropy from purely in plane to partially out of plane, as
evidenced by the decrease of the perpendicular saturation
field. The influence of the nanoparticles was also observed in
measurements of the Co atomic magnetic moment, where
enhanced spin and orbital contributions were found in
samples prepared at elevated temperatures.

In addition to morphology effects, the capping layer was
also found to play a crucial role in the overall magnetic prop-
erties. The use of a nonpolarizable Al capping displayed little
influence on the magnetic behavior of the system. The nano-
structures grown at 300 °C demonstrated a superparamag-
netic response as a consequence of a weak exchange cou-
pling. The enhancement of the orbital to spin magnetic
moment ratio measured with XMCD confirmed the indi-
vidual response of these structures. However, more dramatic
effects on the magnetic response of the whole system were
witnessed when magnetically polarized capping layers were
used. In particular, the use of a Pt capping layer leads to an
increase in the effective in-plane magnetic anisotropy of the
system. In the case of the nanoparticulate films, the Pt was
able to magnetically shunt the nanoparticles via exchange
interactions and this suppressed the superparamagnetic char-
acter that was observed for the Al capped samples.

Apart from the Pt contribution to the magnetic response
of the whole system, the Co-Pt hybridization also modifies
the Co magnetic properties. The use of the element-specific
XMCD technique made it possible to isolate the Co magnetic
contribution from the system as a whole. Compared to the
films capped with Al, the Pt capping enhanced the total Co
atomic magnetic moment. This enhancement was particu-
larly strong in the case of the nanostructured films. The col-
lective behavior of the Co nanostructures due to the Pt cap-
ping was also evidenced by a decrease of the Co 3d orbital to
spin magnetic moment ratio, u;/mg, compared to the Al
capped system. Thus, it can be concluded that the use of a
polarizable capping layer enhances the magnetic properties

PHYSICAL REVIEW B 77, 094417 (2008)

of the system not only by the polarization of Pt layers at the
interface but also by an enhancement of the Co atomic mag-
netic moment.

In this work, we found a clear correlation between the
trend of the atomic magnetic moments measured for Co with
XMCD and the collective magnetic response of each system
measured by Kerr techniques. The combination of both tech-
niques enables to give a global overview of how the mag-
netic response of the system is driven by the Co atomic mag-
netic moments. In addition, this combination also provides
information about how the capping layer not only modifies
the individual magnetic response of Co atoms but also its
own contribution to the global magnetic response in terms of
the degree of polarization.

Further evidence of the influence of morphology and cap-
ping layer on the MO properties was found via measure-
ments of the Kerr rotation and ellipticity spectra and success-
fully reproduced by numerical simulations using the
scattering matrix formalism. Effects related to surface plas-
mon resonance in the case of the Au capped films and to
electronic confinement inside the Co nanoparticles in the
case of the Al capping layer are found. Finally, an enhance-
ment of the global MO activity is found in the Pt capped
systems due to Pt polarization, being observed a reduction in
the nanoparticulate films due to morphology effects.
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