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Magnetic polarization of noble metals by Co nanoparticles in M-capped granular multilayers
(M=Cu, Ag, and Au): An x-ray magnetic circular dichroism study
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X-ray magnetic circular dichroism spectra have been recorded at the L, 3 edges of Co, Cu, Ag, and Au, and
at the K edges of Co and Cu for a series of multilayer systems of partially self-assembled Co nanoparticles,
both capped with alumina and with different metals (Cu, Ag, and Au). The orbital and spin moments m; and
myg and their ratio m;/mg, for Co, Cu, Ag, and Au, have been determined from those measurements. The trend
of increasing m;/mg for Co is the same as found for increasing the effective anisotropy K ¢ alumina <Cu
<Ag<Au capped. It is shown that the relative increase in the surface contribution for both quantities,
(mp/mg) eyt and Kg, is directly correlated. It is argued that the increase in m; with metal capping actually
reflects an increase in the anisotropy of the orbital moment for the Co surface atoms. The redistribution of the
number of holes in the noble metal bands by hybridization with the Co surface atom 3d band and the
polarization of the nd band by exchange interaction with the Co bands give rise to the magnetic moments

derived for the three noble metals investigated.
DOI: 10.1103/PhysRevB.77.184420

I. INTRODUCTION

Decreasing the size of particles to the nanometric scale
leads to a preponderance of the number of surface atoms
with respect to the core ones. In many cases, the particles are
embedded in a supporting matrix or covered by a shell of
different composition. Therefore, the interface atoms of the
particle and the environment are expected to play an impor-
tant role in the magnetic properties of each individual par-
ticle and, hence, of the system formed by the ensemble of
particles, surrounding shell and interparticle connecting mat-
ter.

A good example of the previous statement is a system
consisting of metallic Co nanoparticles with average diam-
eter (D) in the range of 1-4 nm, embedded in amorphous
alumina. The energy barrier hindering the reversal of the
magnetic moment is U=K.V for not-interacting particles,
where K. is the magnetic anisotropy effective constant. It
has been experimentally shown that K g inversely depends
on (D),

6K

Kepr = Koy + (D)’ (1)
where Ky is the magnetic surface anisotropy constant.! For
the particles in the aforementioned range of diameters, the
surface contribution is dominant. This expression has been
empirically accepted as a proof of the dominating effect of
surface anisotropy, although a note of attention should be
mentioned; in a recent theoretical work, this expression has
been found to be fulfilled by Co particles only when there is
a certain elongation in the particle shape.’

Another quantity that has been found to depend on the Co
particle average diameter is the ratio of orbital moment with
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respect to spin moment m;/mg, as determined from x-ray
magnetic circular dichroism (XMCD) measurements.> The
Co particles embedded in alumina also show the same in-
verse relationship to (D).* Therefore, K g and m; / mg seem to
be correlated and dependent on the particle size.

In a previous work, it was shown that the interface be-
tween the particle and the surrounding matrix could be modi-
fied by capping the Co nanoparticles with Cu or Au. The cap
completely surrounds each particle, therefore it effectively
modifies the matrix in which the particle is embedded.
In both cases, K.y increased with respect to the value
for the alumina-capped particles, with the trend K?flfzo3
<K< K525 Likewise, an increase in the Co n; /mg could
be observed for the two capping cases, increasing with the
same trend.%’ Varying the matrix seems to have, therefore, a
strong impact on K.

In this work, the noble metals Cu, Ag, and Au have been
used to cap the Co particles, and to modify in this way the
matrix in which the particles are embedded, from the insu-
lating case of Al,O3 to the conducting case of metals, while
maintaining all the other parameters. In this way, dipolar
interactions may be assumed to contribute to the U by a
similar amount, while exchange interactions are too short
ranged to modify it.” Therefore, to study the interface effects
Co granular multilayers, with the same average diameter
(D)=3 nm and interparticle distances, have been studied as
a function of capping substitution. These metals have nearly
filled 3d'°, 4d'°, and 5d'° bands and are diamagnetic in the
absence of any hybridization.

It is known from studies on Co thin films capped with Cu
and Au that the interface plays a paramount role in the modi-
fication of the surface anisotropy® and that the noble metals
(Cu, Ag, or Au) become polarized by the magnetic Co.%'?
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Although the three metals share a d'’-type band, the nd spin-
orbit coupling differs by a factor of 6 from Cu to Au, and the
Fermi energy also markedly differs. Therefore, the interac-
tions of the nd band electrons with the Co surface atoms can
be systematically modified. The same interactions should be
effective in the capped Co nanoparticles, so it was deemed
interesting to study the resulting variations of the particle
magnetic properties to gain information on the mechanism
giving rise to an enhancement of the anisotropy. Because of
the element selectivity and high sensitivity of the present
XMCD setups, this technique has been applied to obtain in-
formation on the orbital and spin moment components of the
Co and the capping metals independently.

II. EXPERIMENT

The samples are prepared by sequential sputtering on a Si
substrate of amorphous alumina buffer layer, Co, and the
capping material, either alumina, Cu, Ag, or Au. The forma-
tion of Co aggregates on the amorphous alumina is the result
of three-dimensional growth because of the different surface
energies between alumina and Co. The metal and alumina
are deposited using Ar plasma at a radio frequency power of
100 W. The substrate temperature is kept constant at 293 K
and the Ar pressure is 4 X 1073 Torr. Co aggregates are
formed with (D), which linearly depends on the nominal
thickness 7, that the layer would have if it was continuous,
i.e., on the Co deposition time. (D) can be changed in the
range 0.7<(D)<5 nm with a guarantee that the particles do
not touch one another.'»'* The alumina or metal capping
layer deposited on the so formed particles completely sur-
rounds each particle (see below), therefore it can be envis-
aged as a matrix in which the particle is embedded. It is
described by its nominal thickness 7;,. On top of the capping
layer, a new alumina layer is deposited to act subsequently as
generator of the new layer of Co particles. It is interesting to
note that, at least for some of the thicknesses, the new par-
ticles predominantly form in the valleys created by the pre-
vious granular layer.!> The process may continue until the
desired number of trilayers N is obtained, which was N
~20 in the present samples for XMCD experiments. The
samples consisted of platelets of 1 X 1 cm?.

The transmission electron microscopy (TEM) study was
carried out with a JEOL 3000FEG electron microscope fitted
with an Oxford LINK electron dispersive spectrometry ana-
lyzer. Cross-sectional TEM specimens were prepared by glu-
ing two films face to face, followed by slicing, grinding,
polishing, and dimpling. Special care was taken to avoid
irradiation damage during ion milling by working at a low
angle (7°) and a low voltage (3.5 kV) and by cooling the
sample using liquid nitrogen.

The x-ray absortion spectroscopy (XAS) and XMCD ex-
periments have been performed at the European Synchrotron
Radiation Facility (ESRF) in Grenoble at the IDO8 (Cu and
Co L, ; edges) and at the ID12 (Co and Cu K edges, and Ag
and Au L,; edges) beamlines. At the IDO8 beamline, an
APPLE-II undulator and a spherical grating monochromator
were used. The degree of polarization was ~100%. The total
electron yield detection method was employed. The beam
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direction, parallel to the applied magnetic field, had an inci-
dent angle of 15° with respect to the normal to the plate.

At the ID12 beamline, the undulators APPLE-II and He-
lios II were employed, and a double-Si(111)-crystal mono-
chromator provided a monochromatized beam. The polariza-
tion was over 90% in all cases, except at the energies of the
Ag L, and L5 edges where it was 36% and 24%, respectively.
The detection technique used in the ID12 experiments was
fluorescence in backscattering geometry. The XMCD signal
was obtained by a direct difference of the XAS spectra re-
corded with opposite helicities at each fixed magnetic field
value for both orientations of the field. The applied field was
1 T and the temperature was 7=5 K in all cases. The field
was applied with an incident angle of 75° with respect to the
normal to the plate. The data shown for Ag and Au are the
average of several tens of independent measurements

The coercive field extracted from magnetic hysteresis data
at any temperature is isotropic. Therefore, there is no evi-
dence of the capping inducing any preferred orientation for
the anisotropy axis. This supports our assumption that the
particles can be described well in terms of an average diam-
eter (D). The effective magnetic average diameter is deter-
mined from the analysis of the magnetization M (H), fitting it
to the Langevin function for a particle with diameter D, av-
eraged over a Gaussian distribution of D, and the suscepti-
bility x(7) for Curie-Weiss behavior averaged in the same
way. The procedure has been extensively described in Ref. 1.
Once the magnetic average diameter has been determined, a
scaling analysis of the out-of-phase susceptibility " yields
the distribution of activation energies U for a given sample.
Then, knowing the distributions of D and U, one accurately
derives K.4=6U(D))/(m(D)?).""

The samples which were measured had an average Co
particle diameter of (D)=3 nm, except in the case of Au
capping in which a sample with (D)=1.8 nm was also mea-
sured. The XAS spectra at the Co L5 edge of all the samples
reported [see Fig. 5(a), as an example] are characteristic of
metallic Co; i.e., we do not observe any prepeak, or shoulder
above the peak, distinctive of the presence of Co-O bonds.'®
Therefore, we are quite sure that the Co particles are not
oxidized during the fabrication process.

III. MORPHOLOGICAL AND STRUCTURAL
CHARACTERIZATION

The morphological and structural characteristics of the Co
particles, which are embedded in alumina, had been previ-
ously studied in detail by TEM, extended x-ray absortion fine
structure, and x-ray diffraction.'>”!7 It has been shown!#!3
that Co particles with (D)<3 nm (fc,<<0.8 nm), as is the
present case, crystallize in the fcc phase, while for 7., higher
than that threshold, they crystallize in the hcp structure. The
particles are well separated from each other and form a
multilayer system of Co particles. Besides, the Co fraction
that does not coalesce into particles remains in the matrix in
atomic form, or in very small clusters of a few atoms.!> The
nonaggregated Co is described by the parameter xp,, be-
cause of its paramagnetic contribution to the sample magne-
tism at all temperatures, and it has been evaluated from the
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FIG. 1. TEM Cross sections of granular
multilayers with tco=0.7 nm, tyy=1.5 nm, and
tA1203= 3 nm. (a) SI/A1203/ (Co/Cu/A1203) X 15/A1203,

Si/Al,03/(Co/Au/Al,03) X 25/ Al,03. The dark spots correspond
to the Co particles covered by the noble metal. The intermediate
light area is the amorphous Al,O5.

difference between the nominal Co deposition and a direct
count of Co clusters from plane view TEM, resulting in
Co/AlO3 samples that are xp,,=77% and 45% for the
Ico=0.4 and 0.7 nm samples, respectively. Indirectly, xp,,
has been deduced from M(H) measurements, yielding the
values X, =50% and 25% for the 7¢,=0.4 and 7¢,=0.7 nm
samples, respectively.'>!° Note that these values somewhat
differ from the more direct results obtained from the TEM
measurements for Co/Al,O5 samples.

To assess the morphology and number of layers of the
films, a TEM study has been performed on cross sections of
the Cu-, Ag-, and Au-capped multilayers, with nominal
thicknesses #c,=0.7 nm, f;;,=1.5 nm, and tA12O3=3 nm. In
Fig. 1(a), the image of the Si/Al,03/(Co/Cu/Al,O5)
X 15/Al,05 sample shows an ordered arrangement of 15
dark and bright fringes of 4 and 1.2 nm average thicknesses,
respectively, which perfectly agrees with the nominal se-
quential layer deposition in the system. A similar dark (3.5
nm) and bright (2.5 nm) fringe distribution is observed for
the Si/Al,05/(Co/Au/Al,03) X 25/Al,05 system where 25
layers are evident [Fig. 1(c)]. In both cases, the dark fringes
are apparently built up of particles with different sizes and
shapes with a clear tendency of elongation. In contrast to the
cases of Co/Cu and Co/Au, the fringes are not so well de-
fined for Co/Ag. While keeping a general layered aspect,
they are more randomly distributed [Fig. 1(b)] than in the
other samples. In spite of this more disordered arrangement,
the clusters are well detached from one another. [Fig. 2(b)].
The average diameter of the particles ranges between 3 and 5
nm.
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FIG. 2. (Color online) HRTEM cross sections of the same
samples as in Fig. 1: (a) Cu, (b) Ag, and (c) Au capped. In the
Co/Cu and Co/Au cases, the dark granular layers are now resolved
into segregated particles at the border of the dimple. The Co par-
ticles are surrounded and interconnected by the lighter gray
M capping [arrows in (a)]. Some peanut-shaped double particles
reflect the superposition of the projection of particles in the trans-
mission measurement. The arrow in (b) indicates a row of particles
in one of the layers at the dimple border.

In order to get more structural information, a high reso-
lution transmission electron microscopy (HRTEM) study was
done. In all three cases, HRTEM images [Figs. 2(a)-2(c)]
reveal the crystalline nature of the particles, within the dark
fringes for Co/Cu and Co/Au, and the dark particles in Co/
Ag, while they show the amorphous character of the bright
fringes. The elongated shapes inferred at low magnification
can be understood as a consequence of the particles superpo-
sition along a row. This can be better observed in Fig. 2(a)
corresponding to the external layer of the Co/Au film where
the particle concentration decreases.

The analysis of the chemical composition by means of
EDX analysis indicates the coexistence of the two elements
in the Co/Cu, Co/Ag, and Co/Au samples. However, the spot
resolution is not sufficient to resolve the localization of Co
and the metal. In some particles, a light gray aura seems to
surround the darker gray core, while inside the Co/Cu layers,
near the thinner border of the TEM sample, a lighter gray
band connects the darker particle spots. Both lighter gray
bands could be indicative of the noble metal surrounding the
Co particle. Figures 3(a)-3(c) are magnified HRTEM images
of individual particles of the Cu, Ag, and Au samples, re-
spectively, and include the corresponding fast Fourier trans-
form (FFT). In all of the three cases, the measured period-
icities in the images as well as the distances and angles on

the FFT are in agreement with a fcc lattice along [101] zone
axis. The splitting of the spots in some cases indicates the
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FIG. 3. HRTEM images of Co particles along the [101] zone
axis in the same samples as in Fig. 2: (a) Cu, (b) Ag, and (c) Au
capped. The corresponding Fourier transforms (FFTs) are shown. In
(a)—(c), the particle core crystal structure is fcc. It is not possible to
discern the Co from the metal capping, since the latter has similar
interatomic distances and also crystallize in the fcc structure. In the
Co/Au, it was possible to discern some twinned zones. In (b), the
faceted shape of the particle is evidenced and in FFT the spots of
the twinned structures are labeled.

presence of twinning in the particle [Fig. 3(c)]. This can
indeed also be observed in those particles where two orien-
tations are evident. On the other hand, there is no clear evi-
dence of a formation of a new intermetallic compound.

The overall picture in the three studied samples is that the
Co particles are surrounded by the capping layer that acts
like a matrix, completely covering the particles. The regular-
ity found in the alumina-capped sample, i.e., with alumina as
a matrix, is less clear in these samples. However, most of the
particles seem to be detached from one another or connected
within the layer by the noble metal. From the HRTEM, it
was not possible to discern the interface between the Co
particle and the capping metal because of the common fcc
structure and the similarity in interatomic distances. The par-
ticles are not spherical, but irregular. In view of the HRTEM
images in Fig. 3, where the crystallinity of the Co core par-
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ticles is evidenced, the possibility that the particles are fac-
eted is large.

Magnetic measurements performed on the 7-,=0.7 nm
samples enabled us to determine their blocking temperatures
Tg. These data for Co/Al,O3, Co/Cu, and Co/Au were given
elsewhere.® In this paper, data for the Co/Ag samples are first
reported, and it is nice to verify that the trend followed is that
of alumina <Cu< Ag< Au capped (see Table I). Moreover,
K¢ for the four systems also follows the same trend in in-
creasing values. The surface anisotropy Ky deduced from the
experimental results after applying Eq. (1) with (D)=3 nm
are included in Table I. The increase in anisotropy with cap-
ping and a decrease in average diameter, as described in Ref.
6 for the Co/Al,O3, Co/Cu, and Co/Au cases, are also veri-
fied by Co/Ag, being intermediate with respect to Co/Cu and
Co/Au, as could be expected from electronic considerations
(see below).

IV. X-RAY MAGNETIC CIRCULAR DICHROISM IN
CAPPED SAMPLES

The XMCD technique may give some direct evidence on
the hybridization of the interatomic 3d-nd and the Co intra-
atomic 3d-4p bands. In this section, the results on the Co K
and Co, Cu, Ag, and Au L,; edges are presented for the
alumina-capped and the three metal-capped samples.

From a XMCD experiment at the L, 5 edges of Co, Cu,
Ag, or Au, one obtains, through the sum rules,?*2! the spin
and orbital moments averaged over the core and the surface
of the particle and the number of holes 7, in the empty ex-
change split nd subbands. The sum rules have been applied
to the spectra to derive the orbital, spin, and total magnetic
moments, and the symbols and sign criteria defined in Ref.
22 have been used below. The constant C=(I,+1;)/ny,
where IL2+IL; are the white-line integrated intensities after
subtraction of the contributions from transitions to the con-
tinuum, and n,,, depend on the normalization method used for
the XAS spectra. Therefore, in this paper, all the experimen-
tal data show not only the XAS but also the normalized data,
and the values of C are explicitly given. For the sake of
comparison, we have adopted the normalization procedure
for each metal as that found in literature. It was not possible
to derive the integrated XAS white-line intensity from our
measurements, since the difference in the XAS spectra of the
present samples with that of the corresponding bulk metal is
inappreciable. Therefore, to obtain the magnetic moments,
the method first proposed in Ref. 9 has been employed.

It is noteworthy that in the present case of particles, with
their anisotropy axes oriented at random, the dipolar term mp,
cancels out so that the sum rule (A-2B)=—Cmyg/ up yields
the spin component mg. A and B are the integrated areas of
the L; and L, XMCD peaks, respectively. In Figs. 7-9, the
parameters p=A and g=A+B have been depicted. Besides,
my/myg is directly derived from the ratio of the sum rules,
which is independent of n;, and of the normalization method
used.

To systematize the discussion, the results obtained for one
particle size, namely, (D)~3 nm, are compared unless oth-
erwise explicitly stated. In the experiments, a magnetic field
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TABLE I. Blocking temperature T, effective volume anisotropy constant K., surface anisotropy con-
stant K obtained from K¢ with Eq. (1), and D=3 nm, which is determined from magnetic measurements.
my, mg, and my/mg for the Co and noble metal atoms indicated in the left column, as determined from
XMCD measurements. For the fcc bulk Co, m;/mg=0.078 (Ref. 27), and for all Co, mg=1.62up (Ref. 25).

Al,O3 cap Cu cap Ag cap Au cap
Ty (K) 30.1(1)* 35.0(1)* 37.0 43.0(1)
K¢ (10* J/m?3) 53.(5)% 78.(10)2 110.(6) 139.(7)?
Kg (107° J/m?) 23.2(2) 35.8(3) 51.5(4) 66.0(5)
Co 3d
my/mg 0.129(10)2 0.156(20)* 0.163(10) 0.197(10)?
my (up) 0.209(16) 0.253(30) 0.264(16) 0.319(16)
(my/mg)qut 0.224(20) 0.301(30) 0.321(20) 0.419(30)
Co 4dp
m (up) -0.087(4) -0.072(4) ® -0.078(4) -0.072(4)
M nd
m) Imld 0.32(3) 0.045(5) 0.10(5)*
my (up) 10(3) X 1074 7(1) X 107 1.5(5) % 1073
my? (wg) 0.010(3) 0.014(3) 0.015(1)
m" () 0.011(3) 0.015(3) 0.016(1)
M 4p
m* () -0.016(2) ®

4Reference 7.
PReference 3.

of 1 T is applied, which is sufficient to saturate the particle
spin magnetization, but the paramagnetic moment contribu-
tion from x,,, is negligible.

Under an applied field that saturates the particle magneti-
zation (H=1 T), the surface Co spin moment, which is iso-
tropic, easily orients along the field, but the surface orbital
moment gradually tilts from the direction normal to the par-
ticle surface to the direction of the applied field. The mag-
netic anisotropy energy associated with spin-orbit coupling is
about 2 orders of magnitude larger than the dipole interac-
tion, but the crystalline anisotropy is of the order of the s.o.
coupling, so the spin and orbital moments are not parallel
except when the field is parallel to the local easy axis of
magnetization.?> The projection of the orbital moment along
the applied field direction m;, which is averaged over all the
surface of the particle, yields the mean orbital moment in the
field direction. Therefore, the contribution of the orbital mo-
ment to the XMCD signal is the averaged projection of the
local moments in the direction of the applied field (parallel to
the photon beam direction in the experiments). If the particle
is approximated to a sphere, the averaged orbital moment is

1
my = g(mLl + ZmQ , (2)

where m; is the orbital contribution normal to the particle
surface and m! is parallel to it. In the case of other particle
shapes, the proportions of m) to m;" may be different.

A. X-ray magnetic circular dichroism at the Co K edge

The XMCD measurements at the Co K edge yield the
magnetic moment of the 4p band (hybridized sp conduction

bands). In Fig. 4, the collected spectra of the XMCD peaks
are shown. The shape and amplitude of the measured peaks
are similar to those of metallic Co.!*?* The nonzero signal
reflects the spin-dependent polarization caused by the ex-
change polarized 3d band by intraatomic hybridization. The
sign of the XMCD spectra at the Co K edge is the same as in
Ref. 10, where the Co/Cu multilayer has been studied in
detail. This result indicates that the coupling between 4p and
3d levels of Co is antiferromagnetic.

Co-K
ALO,
0.0} i
- Cu
.‘é‘
=1
£
s Ag
S -4.0x10°} 1
=
x
Au
-8.0x10°} .
20 0 20 40 60 80

Relative photon energy (eV)

FIG. 4. (Color online) Co K-edge XAS spectra obtained at T
=5 K and under a field of 1 T for the capped samples (blue:
Co/ Al,03), (red: Co/Cu), (green: Co/Ag), and (yellow: Co/Au) for
particles with the same 7c,=0.7 nm.
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FIG. 5. (Color online) Co L, ;-edge spectra of the same sam-
ples measured at 7=5 K, puoH=1 T and incident angle 15°. (a)
XAS spectra with positive helicity of the incoming beam (---),
negative helicity (- - -), and mean curve (—). The two-step function
used is also indicated (-). (b) XMCD spectra normalized to a com-
mon L, peak intensity, [(blue @) Co/Al,O3] [(red A) Co/Cu],
[(green @) Co/Ag], and [(yellow @) Co/Au], for particles with
the same #-,=0.7 nm. Inset: expanded view of the L; peak minima.
Note the increase in L; dichroic intensity in the trend alumina
<Cu<Ag<Au capped.

From the comparison of the amplitudes of the XMCD
Co K-edge spectra, it was derived that the Co moment in the
alumina-capped Co particle is about 20% larger than the one
found for the three Co-capped ones. This implies that the
number of electrons in the Co 4p band is reduced through
contact with the capping metals; i.e., there is hybridization,
and on average, it gives rise to a redistribution of electrons at
the surface Co atoms. The xp,, fraction of the Co atoms does
not contribute to the XMCD signal in a significant way.

B. X-ray magnetic circular dichroism at the Co L, 3
edges

The experimental XMCD spectra at the Co L, 5 edges for
the alumina-, Cu-, Ag-, and Au-capped Co particles are de-
picted in Fig. 5, together with one example of XAS, for the
sake normalization. The XMCD data normalized to the
XMCD L, peak are shown to highlight the increasing trend
of the L; peak intensity, which, in turn, reflects the increase
in m;/mg with the capping of Cu, Ag, and Au. The ratios
derived from the measurements for the alumina-, Cu-, Ag-,
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150f ' N
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& 100} :
< +C
N Z u
5 50f A -
T Np03
bulk~
0.10 0.15 0.20
(my/mg)

FIG. 6. K. as a function of m;/mg for alumina, Cu-, Ag-, and
Au-capped samples. The values for the bulk are included (Ref. 27).
The dashed line is a linear fit to the data.

and Au-capped samples have values that span from 0.129 for
the alumina-capped to 0.197 for the Au-capped Co particles,
as shown in Table I.

In Fig. 6, K values are shown together with the values
of m;/mg for samples with the same 7-,=0.7 nm, finding an
excellent linear correlation between these two quantities. The
extrapolation of this line nicely gives the measured K. and
my /mg for the bulk fcc Co.24-26 This result clearly indicates
that the orbital moment and magnetic anisotropy are related
to the capped particles; i.e., the modification of the Co aver-
age orbital moment due to the interfacial interactions gives
rise to an increase in the average effective anisotropy of the
particle. Previously, a linear dependence between m;/mg and
K+ was found for particles differing just on the average size
in Co particles deposited on Pt (Ref. 3) and in the Co par-
ticles embedded in alumina.* Just as for Co thin films,? the
correlation between K. and m;/mg seems to be a general
rule in nanoparticles.

At any rate, the enhancement of m;/myg is larger in nano-
particles than in thin films. For example, a maximum value
of m;/mg=0.12 was found for about 5 monolayers of Co
deposited on Cu (Ref. 27); the same value, as maximum, was
found in the case of four Co atomic layers in a stair case
layer of Co sandwiched between Au.® The same value was
found again in islands of two Co monolayer thickness depos-
ited on Au.”

Although the integrated areas [, 1,11, of the alumina- and
metal-capped samples should yield direct information on n,,
for the Co 3d band, we found that experimental errors pre-
vent determining coherent results. Therefore, we have ad-
hered to the assumption that n;, depends on the element, and
taken the calculated value for bulk Co, nh:2.49.9 The corre-
sponding scaling constant for Co, deduced from I L+,
=15.1(5) is C=60(2),u,}l. Similar n, values have been ob-
tained from calculations for small Co clusters (n;,=2.40)
(Ref. 3) or in Pt/Co multilayers (n,=2.45).2° The approxima-
tion that the value of mg may be considered as varying little
from the bulk value, mg=1.62u; (Ref. 25) is applied in the
rest of the paper. We find a justification to this approximation
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in the fact that the average total moment of the Co atoms in
the particles, as deduced from M(H) measurements, is nearly
that of the bulk, irrespective of capping or (D).°

Since XMCD is probing Co in clusters of similar average
diameter, the number of surface and core Co atoms is the
same in all four samples. Therefore, the increase in m;/mg
with respect to the bulk as a function of capping exclusively
reflects an increase due to the surface Co atoms. In the analy-
sis of K.y, the separation between surface and core atom
contributions has been successfully applied to understand the
enhancement of the surface anisotropy by capping.® A simple
core shell model allows us to estimate the fraction of surface
atoms with the formula f=1-(1-0.4/D)3, with D (nm) (f
=0.35 for D=3 nm) in the approximation of spherical fcc
particles.® Within this model, K=Ky (1 —f) + Ky if, Where
K.+ refers to the surface atoms, is approximately K.i
=Kpuk+6K/D to within 10% at D=3 nm.

If we apply the same core shell model to the contributions
to my/mg, the contribution from surface atoms (m;/mg)g,s
may be deduced from the equation

ﬂ=(@> (1—f)+<ﬂ) /. (3)
bulk

mg mg Mg/ surf

where m;/myg is the measured value averaged over the Co
mass forming the particles and (m; /mg)pu=0.078(1) for fcc
Co.?” The resulting values for (m;/mg)g,s have been in-
cluded in Table I. The values that were found range from
0.224 for Co/Al,O5 to 0.419 for Co/Au; i.e., in the extreme
case of Co/Au, the orbital moments at the surface atoms
increase by a factor of 5 with respect to bulk fcc Co.

A highly enhanced orbital magnetism on Co cluster sur-
faces in a Cu matrix has been reported earlier.>® These au-
thors measured the Co L, ; edges and used a core shell model
to deduce the surface orbital moment from their data, finding
a value of m;/mg=0.35 at the Co surface monolayer, which
is in good agreement with our result. Co particles supported
on Au have also been measured, although of island or disk-
like shape, showing also a large increase in m;/mg with re-
spect to the bulk value.’!

The XAS branching ratio, which is defined as the ratio of
intensities, ILS/(IL2+IL3) has been found not to depend on
capping and has the value of 0.74(1). Since the branching
ratio gives a measure of the angular part of the spin-orbit
operator, it can be considered that this quantity remains un-
altered by capping.’?

C. X-ray magnetic circular dichroism at the L, ; edges of the
noble metals

The capping metals Cu, Ag, and Au have 3d'0, 44'°, and
5d'° bands, respectively. In the metallic state, as is our case,
the bands are not completely filled, and, therefore, yield to a
small but distinguishable white line in the XAS experiments.
These metals are diamagnetic in the absence of hybridization
with other elements and, therefore, give no XMCD signal.
However, when in contact with other metals, in particular,
ferromagnetic Co, hybridization between the conduction
bands alters their number of holes, on one hand, and polar-
izes by exchange interaction those bands giving rise to the
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FIG. 7. (Color online) Normalized Cu L, 3-edge XAS (top) and
XMCD (bottom) spectra of Si/Al,O3/(Co/Cu/Al,O3) X 15/Al,05.
(-) Area integral. The arrows indicate the higher limit of the p and ¢
integrals.

splitting into majority up (completely filled) and minority
down (partially filled) spin states d bands, on the other hand.
Then, in the first approximation, the magnetic moment is
equal to the average number of electrons removed from the
atom, i.e., the number of holes n,. The changes in the occu-
pation of the electronic orbitals give rise to a small but mea-
surable induced magnetic moment in the capping metal layer.
These effects have been found in Co thin films capped with
Cu,’ Ag,'"! and Au,'? so the three noble metals are polarized
by magnetic Co at the Co/M interfaces.

To check whether this also holds for the Co granular
capped samples, XMCD experiments at the L, 5 edges of Cu,
Ag, and Au have been performed. The measurements were
done at 7=7 K, an applied field of uyH=1 T, and an inci-
dence angle of 75°. Indeed, Cu, Ag, and Au show nonzero
XMCD signals, indicating that a fraction of the capping at-
oms become polarized by the exchange spin polarization
with the Co moments (see Figs. 7-9).

For the XMCD analysis, we depict the areas subtended by
the L; and L, peaks, as obtained from direct integration of
the data. In the case of Cu, p has been taken at the energy of
the minimum of the XAS spectra between the L; and L,
peaks and g when the integral converges to a constant. For
the Ag and Au cases, where the statistical scatter is larger, we
give the integration of a smooth Lorentzian function as guide
for the eyes, which fits the data for these two metal cappings,
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as shown in Fig. 8(b) for Ag and Fig. 9(b) for Au. The
energies at which p and g have been taken are also shown in
Figs. 8(bottom) and 9(bottom). The error in the integration is
considered to be the width of its deviation with respect to the
mean guideline and amounts to 15% and 10% in the Ag and
Au cases, respectively.

The ratio m;¢/m3" is directly obtained from the sum rules
and is independent of any choice in the scaling constant. For
Cu, mzd/ m§d=0.32(3), which is larger than the ratio found in
other Co granular alloys in the presence of Cu [mzd/ mgd
=0.018 (Ref. 33)] and in a random Cog,Cu;, alloy
[mid/ m§d=0.09 (Ref. 9)]. However, the factors between n,,
and the white-line area, given in Ref. 9, are C =5.6,u§1 and
144" for the m3? and m;? sum rules, respectively (normal-
ization of the total L, and L; XAS to 1), which yield to
m3?=0.010(3) up and m;?=10(3) X 10~* . If this method is
employed, the value for the ratio mid/m§d=0.10(3), which is
quite low but comparable to other determinations. At any
rate, the total moment n3¢=0.011(3) up is deduced, while the
orbital moment is very small and practically negligible. It is
concluded without ambiguity that the Cu-capping layer is
magnetically polarized by the Co particles. It is interesting to
note that this value is in the range of the predicted polariza-
tion per Cu atom adjacent to a Co nanoparticle.*

In the case of the Ag-capped Co particles, a nonzero
XMCD at the L, 5 edges is observable (Fig. 8), although the
signal is very small; the larger L; peak amounting to just a
few per thousand of the XAS signal. Only the high quality of
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FIG. 9. (Color online) Normalized Au L, ;-edge XAS (top) and
XMCD (bottom) spectra of Si/Al,03/(Co/Au/Al,O3) X 25/ Al,05.
(-) Fit to Lorentzian function. (M) Area integral; (--) Area integral
of the Lorentzian. The arrows indicate the higher limit of the p and
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the ID12 beamline at the ESRF has allowed this experiment.
The corrected data are shown in Fig. 8. The ratio mj¢/m¢’
=0.045(5) is extremely small, as compared to Cu (or Au, see
later). Therefore, the detected nonzero induced magnetiza-
tion can essentially be assigned to the spin component. The
determination of the constant C was derived in Ref. 11 by
obtaining the white-line excess area with respect to Ag,
AA,;, on one hand, and using the method described for the
interpretation of the XAS data® to determine the increase in
the number of holes in the sample (NiFe/Ag multilayers)
Any,, with respect to a pure Ag sample, on the other. Then,
finding the quotient C=AA/An,=23(2)u;". The value
m§d=0.014(3) Mg is obtained, which is higher than that in Cu.
This value can only be compared to m*/=0.0135u; deter-
mined for Ag in Nig,Fe o/ Ag multilayers.'! The value of
m2d=7 X 10™*u; may be considered as negligible.

The XMCD data at the Au L, ; edges performed on the
Au-capped Co nanoparticles also indicated that there is a
nonzero magnetic moment induced by the hybridization with
Co (Fig. 9). The obtained value is m3¢/m3?=0.10(5). This
result is in reasonable agreement with the published value of
my?/m3?=0.12,'> where the value C=7.8u;' was used to de-
termine mid and mgd of Au in a Coj,/Auy multilayer. To
derive C, the values of I, and IL3 were experimentally de-
termined from the white line of a reference Auy;Mn com-
pound (XAS normalization of L; edge to 1 and of L, edge to
0.45) with respect to the bulk Au XAS signal and n,, from the
difference in the calculated n;, values for Auy;Mn and bulk
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Au. Using that constant, m3=0.015(1)uz and m)?=1.5(5)
X 1073w, yielding to a total of m>¥=0.016(1)ug.

The three capping noble metals are, therefore, polarized
by the Co magnetic moments. The negative sign of the L,
peak and the positive sign of the L, one, which are the same
as the L, 5 peaks of Co on the same sample, temperature, and
field, indicate that the coupling between the Co average mo-
ment and the moment induced in the noble metal is ferro-
magnetic. The same sign for this coupling had been found
for Co thin films with Cu, Ag, or Au interfaces.’!"1?

The ratio m;/myg is free of any scaling procedure. It is
directly deduced from the XMCD signal, therefore it only
gives information on those M atoms that are magnetically
polarized, i.e., those affected by the exchange field of the
magnetic Co. The M atoms outside of the sphere of influence
of Co are silent to the XMCD, although they give a contri-
bution to the XAS signal that may hamper the correct deter-
mination of the scaling factor C (see below). The fact that
the ratio m}“/ms" in the three cases studied here have values
similar to those found in other cases of the same M in con-
tact with Co indicates that this is directly related to the de-
gree of hybridization of the 3d of Co with the nd electron
band of M at the interface. Thus, it is an intrinsic property
related to the two metals involved at the interface.

Besides, the only case in which the presence of an in-
duced orbital moment in the capping metal is unambiguously
proven is the Au-capped sample. The spin-orbit coupling
constants are {;=60, 97, 272, and 608 meV for Co, Cu, Ag,
and Au, respectively,’ so the larger m!? induced in Au is
probably associated with this larger s.o. coupling with re-
spect to the other metals.

Another nice result is that m"? increases in the trend Cu,
Ag, and Au cappings. This may be related to two mecha-
nisms, an increasing number of holes in the nd and nsp
bands of the noble metal, since they may also play a role in
the hybridization with the 3d band of Co, or an increased
exchange polarization of those bands. Each may give rise to
the presence of induced moment, independently, although
most probably both mechanisms are acting together in this
case. Unluckily, the possible variation of n;, could not be
derived from the direct detection of an increased white line
in these M-capped Co particles with respect to the bulk cor-
responding M noble metal, since the error bar in our XAS
data does not support this analysis.

In the case of Au capping, the Au L, ;-edge experiments
were also performed on a sample with a smaller diameter,
(D)=1.8 nm, corresponding to fc,=0.4 nm. The XMCD
signals are smaller than those for 7o,=0.7 nm and (D)
=3 nm. Since the XMCD spectra in both cases are scaled to
the L, 5-edge XAS spectra and the XAS spectra for the two
samples are indistinguishable, this implies that the relative
number of Au atoms influenced by the Co exchange field is
smaller in the case of the sample with smaller Co particles.
From the analysis of the Au L, ; XMCD data (Fig. 10), it is
found that mid/ mgd is identical for 7-,=0.4 and 0.7 nm, while
the total magnetizations per Au atom are m=0.005up and
0.017up, respectively, that is, they differ markedly, being
riﬁ3=m;co=o.4/ M,co=0.7=0.32 the ratio of polarized Au atoms
in one sample with respect to the other. This result is unex-
pected, since the number of Co surface atoms which polarize
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Au, with respect to the number of core Co atoms, is larger
for the particles with smaller diameter. One needs to recollect
that those Au atoms in contact with the paramagnetic fraction
of the deposited Co are XMCD silent. Therefore, the number
of polarized Au atoms is directly related only to the number
of Co atoms at the surface of the particles. It is known that
the polarization of the noble metal rapidly decays with dis-
tance from the interface,®!! being the first shell, and the one
sustaining most of the polarized moment. Therefore, the sim-
plification that

npA?Jlarized ~ nEugf (4)
is done. Here, the n“cu(ff per unit area of the sample platelet
may be estimated from the amount of nominal Co sputtered
fco, the fraction of that Co which forms the particles (1
—Xpara)» and f as the fraction of the Co atoms in the particle
that are located at the surface,

nSCu;f = tCO(l - xpara)f~ (5)

polarized

The ratio of nk), for the two particle sizes is

_ 086(1 — X ara)tCo=0.4. (6)

( 1- xpara) 1Co=0.7

_ [tCo(l - xpara)thCo=0.4
N [

tCo(l - xpara) JtCo=0.7

The parameter x,, has been determined for both samples
from TEM measurements;'? i.e., for #c,=0.4 nm sample,
Xpara=17%, and for tc, =0.7 nm sample x,,,=45%, yield-
ing the ratio r,,=0.35, which is in good agreement with the
experimental ratio.

Thus, the strong reduction in r,, may be explained as due,
essentially, to the different amounts of x,., existent in each
sample and not due to size effects associated with electronic
confinement or depth dependent Co moments.

D. X-ray magnetic circular dichroism at the Cu K edge

With respect to the K edge of the three capping layer
metals, only the XMCD at the CuK edge could be
measured.> Since this XMCD nonzero signal probes the 4p
holes in the conduction band, this result indicates that the 4p
states are hybridized with the Co 3d band holes, via ex-
change spin polarization, and become polarized antiparallel
to the 3d moments. On the other hand, its sign is the same as
that of the Co K-edge XMCD peak, indicating that the Cu 4p
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holes are ferromagnetically coupled to the Co 4sp conduc-
tion band holes. The mean 4p moment value found was
m*=-0.016(2) up, antiparallel to the Co 3d moment and,
therefore, parallel to the Co 4p moment.’

V. DISCUSSION

The results shown in Sec. I and IV indicate that the elec-
tronic structure of the Co atoms at the Co/M interface gov-
erns the particle magnetic properties. Indeed, an increasing
K¢ and, correspondingly, K are found in the trend alumina,
Cu, Ag, and Au caps. On the other hand, a simple evaluation
of the orders of magnitude of the anisotropies involved, mag-
netocrystalline, shape, or stress, supports the fact that none
of them can explain the observed increase in K.y with re-
spect to the bulk value, even in the case that the particles
were needle shaped.”

As a rough approximation, the Co particles in the
M-capped samples have been considered as spheres of aver-
age diameter (D). However, HRTEM pictures show that the
particles are not spherical but irregular, and it can be conjec-
tured from the well oriented crystal lattice in the core that the
particles are probably faceted. In fact, recent calculations of
the anisotropy energy in Co faceted, nonregular polyhedra
have given K. values in good agreement with our data for
the alumina-capped particles.’” The Co/ M interface probably
consists of planar facets of limited dimensions. Therefore, as
a guidance, it is reasonable to pay attention to the electronic
modifications of Co at the surface of planar Co/M thin films,
implicitly two dimensional, for which there exist theoretical
and experimental results as to how the Co surface anisotropy
is modified by the interfacial metal.

Several calculations of the Co thin film interface aniso-
tropy energy have been performed. A freestanding Co mono-
layer is predicted to have parallel anisotropy, i.e., negative
magnetic anisotropy energy (MAE), but capping with Cu,
or with 1 monolayer of Au increases the MAE; i.e., it ap-
proaches zero, but the anisotropy remains planar.’**° How-
ever, in a Cu/Co/Cu sandwich, i.e., with another Cu capping
layer, a positive shift of the anisotropy to nearly zero or even
weakly positive MAE® is induced. Moreover, capping with
more than 2 monolayers of Au changes the Co anisotropy to
perpendicular.*® According to the approach in Ref. 38, the
trend of the positive shift in the MAE should be increasing as
Co/Cu, Co/Ag, and Co/Au. However, the predicted MAE for
Co/Cu and Co/Ag is negative and a conflicting theoretical
result states that the MAE in Cu/Co/M-capped sandwiches
favors perpendicular anisotropy for M=Cu and Ag, while
favors basal for Au.*!

The MAE crossover from negative to positive as a func-
tion of thickness and Au capping has been nicely explained
in terms of the following simple model.*? At the interface,
the Co atoms are bonded with one another by the same in-
teractions as in the bulk, on one side, while the Co-M inter-
actions are evidently different on the other. The case of 3d
in-plane and out-of-plane bands is then separately consid-
ered. In agreement with the above in-plane and out-of-plane
band models, the in-plane band remains identical to the bulk,
while the out-of-plane band is modified, giving rise to the
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surface anisotropy. It was shown that the MAE depends on
the in-plane and out-of-plane 3d bandwidths. This is so be-
cause the Co orbital moment mainly arises from the minority
band since the majority band has no net orbital moment and
the average bandwidth determines the average separation of
the filled and empty minority band states. The magnetic sur-
face anisotropy originates from the spin-orbit coupling of
occupied and unoccupied states of the minority band. The
dominant term in the MAE is, therefore, the spin-orbit sec-
ond order perturbation term,

2 2
ap o WLIOP - WL

Eu—¢&

where u and o represent unoccupied and occupied spin-down
states and £ is the spin-orbit coupling constant.’® When the
coupling through L, is stronger, the MAE becomes positive
and the system presents perpendicular anisotropy.*> There-
fore, the induction of magnetic anisotropy depends on ¢ of
Co and on the actual states that have a probability of mixing;
the smaller the difference in energy, the larger the MAE is.
Within this scheme, the positive shift of MAE would be re-
lated to the decreasing difference in the d orbital energy of
the Co and the capping atom. Since these energy differences
are —2.37, —1.44, and -0.21 eV for Cu, Ag, and Au, respec-
tively, the trend of increasing MAE that is expected to follow
is Co/Cu<Co/Ag<Co/Au. The same concepts may be ex-
trapolated to the Co/M interfaces at the polyhedron facets of
the irregular Co particles. Therefore, one could expect an
increasing surface anisotropy in those facets following the
trend alumina, Cu, Ag, and Au capped.

Very enlightening in understanding the particle uniaxial
anisotropy are the calculations of MAE for a Co cluster built
by successively adding pairs of layers, with one at each side.
Although the starting finite Co monolayer has planar aniso-
tropy, just as an infinite monolayer Co thin film, the MAE
decreases as facets grow from each side until it changes sign,
i.e., the particle becomes uniaxial when two facets are added
to the closed shell cluster.?” This mechanism may be classi-
fied as shape anisotropy. Superimposed to this mechanism is
the interaction with the matrix which will add a positive shift
to the MAE of the facets following the trends Co/alumina,
Co/Cu, Co/Ag, and Co/Au and thus qualitatively explaining
our observation. The fact that capping with Cu already in-
creases K ¢ in our sample is relevant, since this implies that
the predominant anisotropy is always positive. Indeed, if the
surface MAE of the Co/Al,O5 particle had been negative,
the capping with Cu would have implied a compensation of
MAE and, consequently, a decrease in K, which is contrary
to our experimental result. With respect to the Cu capping,
our experimental result also seems to contradict the reduc-
tion in MAE that was predicted in the calculations for closed
shell Co clusters with Cu additional facets or embedded in
Cu3437

From the above arguments, one concludes that the relative
increase in MAE with respect to the Co vacuum interface
when capping in the trends Cu, Ag, and Au gives rise to an
increase in the surface perpendicular anisotropy by an in-
crease in the bond strengths with the interfacial atoms and a
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broadening of the out-of-plane d electron minority band
while keeping the in-plane band unmodified. The effect is a
net increase in mj, while m) remains constant. Conse-
quently, the absolute value of m, should increase as well [Eq.
(2)]. Ultimately, this would translate into an increase in Kj,
after the simple but powerful relation proposed by Bruno*
that correlates the orbital moment anisotropy (OMA) with
the interface magnetocrystalline anisotropy energy (MAE),

AESAO. o= g(mi - mi) & — KS: (8)

where £ is the Co spin-orbit coupling constant.

In a recent paper,** the limits of validity of this expression
have been assessed in the case of a Co thin film with an
interface of a different metal, in particular, Cu and Au. It is
argued that Eq. (8) is well fulfilled in the case of a Co/Cu
interface since the s.o. coupling of Cu is low. In contrast,
they find that Eq. (8) may not hold in the case of a Co/Au
interface since the Au s.o. coupling is large. However, no
simple relationship between the MAE and OMA is given in
that paper. At any rate, in the present work, we conjecture
that Eq. (8) holds for the four Co/Cu, Co/Ag, and Co/Au
particle interfaces and check later for the consistency of the
results for the Co/Cu and Co/Au cases.

In our experiment, the separation between m) and mj- is
not possible. However, from Eq. (2), one may obtain an ap-
proximate relation between both parameters for the spherical
particle approximation, namely, mlf =(3mL—2mD. For a non-
spherical particle, the constants may differ but the linear de-
pendence is maintained. Therefore, K¢ can be expressed in
terms of m, and m). One can consider m, to be identical to
that of the bulk, m'Z”]k, since it is related to the Co-Co bond-
ing within the Co surface atoms and their distances and in-
teractions can be approximated to be those of the bulk. Sub-
stituting in Eq. (8), one obtains Ko (n; —m>™). The relative
variation of K for a given capping with respect to the
Co/Al,O5 alumina-capped K/S'“, AKS=KS—K§‘1 can be ex-
pressed as

AI(S _ (mL/mS)surf - (mil/ms)surf

Al Al bulk ’
KS (mL /mS)Surf_ (m ! /mS)surf

)

where (mLAl/ mg) g 18 the averaged ratio of orbital moment
with respect to the spin moment at the surface of the
alumina-capped sample.

This relation holds under the assumption that mg does not
vary. In Fig. 11, the relative variation of Ky is plotted as a
function of the relative variation of (m;/mg) s, both normal-
ized to the values for Co/Al,O3. An increase in nearly a
factor of 2 in (m;/mg) e, When capping with Au, induces an
increase in K by nearly the same factor.

The correlation found is very satisfactory, as the relative
variation of the two magnitudes proposed in Eq. (9) is nearly
followed. The difference in slope of the linear dependence
may result from the rough approximation implied in the ap-
plication of Eq. (2), which is strictly valid for the spherical
particle. At any rate, this result shows that the origin of
the surface anisotropy is directly connected with the increase
in (my/mg) gy which is in agreement with Bruno’s model.
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FIG. 11. (Color online) Dependence of the modification with
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Evidently, the quantitative agreement relies on the conjecture
that m‘,“ remains constant, irrespective of the capping ele-
ment. This conjecture is based on the similar assumption
successfully applied in the analysis of Co thin films capped
with noble metals such as Cu or Au.?

In the present study, the conjecture of fulfillment of
Bruno’s relation holds for the capped particles. This conclu-
sion is in line with most previous work testing [Eq. (8)].
However, let us note that it is in contradiction with the pre-
dicted and found decrease in perpendicular anisotropy in the
Co/Au interface in a Co thin film sandwiched between Au
films.* The different topologies of particle and film probably
play a role in this difference.

The increase in induced m"? in Cu, Ag, and Au is prob-
ably caused by the corresponding increased polarizability in
that trend. The spin-orbit coupling of the noble metal seems
to play a second order role in this mechanism. It gives rise to
an extra component to the orbital moment 1} at the interfa-
cial noble metal atom but is 2 orders of magnitude smaller
than that of Co in the largest case, i.e., when M=Au.

The emerging interaction scheme at the Co/M interface is
that, on one hand, the exchange polarized Co 3d band is
antiferromagnetically coupled to the 4p band via intra-
atomic spin-dependent hybridization and ferromagnetically
coupled to the exchange split nd band of the M cap via
3d-nd hybridization, on the other. In the case of Cu capping,
there is evidence of the Cu 3d polarized band to be antifer-
romagnetically coupled to the 4p band via intra-atomic hy-
bridization. Most probably, the 3d band of Co hybridizes
with the 4p band of Cu, as proposed in Co/Cu thin films.!”

In conclusion, the systematic increase in Kg with capping
in the trends Cu, Ag, and Au has been correlated with the
increase in the Co 3d mean m;, which is caused by hybrid-
ization with the capping metal nd and (n+1)p bands.
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