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The nanostructure of a Co-Pd-Si-O nanogranular film was 

investigated with the combined use of small-angle x-ray (SAXS) 

and neutron scattering (SANS).  Using a new, compact type of 

SANS instrument, the SANS profiles of individual particles with a 

diameter of about 2-4 nm were successfully observed.  The 

structures of magnetic regions were found to be the same as the 

chemical structures of the particles, and a sharp interface was 

observed between the matrix and the particles.  The SAXS to 

SANS ratio clearly indicates that the particles are a CoPd alloy and 

the matrix is not pure SiO2.  In fact, the matrix is composed of a 

meaningful amount of Co. 
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1. INTRODUCTION 

Nanogranular films composed of magnetic metal particles embedded in an oxide, nitride, 

or fluoride matrix attract a lot of attention in the field of magnetic materials [1-5].  These 

advanced soft magnetic materials are potential for the high frequency applications [4-6]. 

Cobalt oxide nanogranular films, such as Co-Al-O or Co-Zr-O, are suitable candidates at the 

GHz range, because they simultaneously have a high magnetic anisotropy, high electrical 

resistivity, and high saturation magnetic flux density.  Ohnuma et. al. reported that the soft 

magnetic property, especially magnetic anisotropy, enhanced with an addition of Pd to the 

Co-Si-O nanogranular films [6].  However, the origins of the enhanced magnetic anisotropy 

and the effect of the Pd are still controversial due to a lack of morphological information 
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about the magnetic particles.  In order to resolve those issues and obtain optimal soft 

magnetic properties, knowledge of the nanostructure of the film is required.  In previous 

studies of nanogranular films, a possible intermixing of magnetic elements into the 

amorphous matrix was often noted [7-10]. A magnetic element dispersed in the matrix can 

influence the magnetic properties via a reduction of magnetization, a modulation of magnetic 

coupling, and/or a change in transport properties [11]. However, it is difficult to evaluate the 

partition between the particles and the matrix using traditional experimental methods such as 

an energy dispersive x-ray spectroscopy using transmission electron microscope (TEM-EDX) 

or three dimensional atom probe field ion microscopy (3D-APFIM).  Although such 

methods are powerful tools for the direct observation of nanostructures in great detail, for 

particles only a few nm in diameter embedded in the matrix, the matrix effects overlapping 

signals from the particles are inevitable.  X-ray spectroscopic methods, such as x-ray 

absorption fine structure spectroscopy (XAFS) and x-ray photoemission spectroscopy (XPS) 

are also useful techniques because they enable analysis of the chemical states of the magnetic 

elements.  However, they provide little information about structures. 

Small-angle scattering (SAS) is a suitable means for nanostructure investigation.  While 

the structural information obtained from SAS is not straightforward due to reciprocal space 

analysis, compared with TEM and 3D-APFIM, SAS has a great advantage in observable 

volume and statistical accuracy [12,13]. Prior nanogranular film work has demonstrated the 

potential of small-angle x-ray scattering (SAXS) and neutron scattering (SANS) for 

nanostructure investigation [14-18]. Furthermore, recent studies have reported that the 

combined use of SAXS and SANS can provide information concerning the chemical 

composition of the particles separate from that of the matrix [13,19]. This new technique is 

named as the alloy contrast variation (ACV) method.  The magnetic scattering contribution 

from SANS also enables the analysis of magnetic structures, which is one of the most critical 

pieces of information in the characterization of magnetic materials [20-24]. To date, 

applications of the SANS and ACV methods have been quite limited because conventional 

SANS instruments are optimized for the measurement of the q region below ~1 nm
-1

, in 

which scattering from structures larger than 2/1= 6 nm is observable.  Here q is a 

momentum transfer and equal to 4sin/, where  is the wavelength of the incident 

radiation and  is half the scattering angle.  However, for nanosized materials composed of 

2-3 nanometer features, a higher q region is essential.  Recently, with the advent of 

advanced neutron optics techniques, a state-of-the-art mini-focusing SANS (mf-SANS) 
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instrument was developed at research reactor JRR-3 in Japan [25]. It proved that a SANS 

instrument, even with a low neutron beam intensity and compact size, can operate properly.  

In particular, its compact size is suitable for the measurement in high q region.  Thus, the 

study of precise nanoscale structures using the SAXS, SANS, and ACV methods is now 

possible. 

In this study, SAXS and SANS techniques were used to study the nano- and magnetic 

structures of the Co-Pd-Si-O nanogranular films and ACV method was applied to obtain their 

chemical structure.  The formation of magnetic particles, the partitioning states of the Co 

and Pd, and the effects of the Pd on the magnetic properties are discussed. 

 

 

2. EXPERIMENTAL PROCEDURE 

Samples of Co-Pd-Si-O nanogranular films were prepared by the radio frequency (RF) 

reactive magnetron sputtering method in Ar-O2 gas.  A Co-Si alloy disk target was used for 

the sputtering of the films and Pd chips were placed on top of the target.  2 µm thick films 

were deposited on 0.5 mm thick single crystal Si substrates.  Details of the preparation can 

be found elsewhere [6]. The chemical composition of the samples was determined using 

Rutherford back scattering (RBS) spectrometry.  The measured chemical composition of the 

film is Co59Pd11Si8O22.  Magnetic measurements were performed using a vibrating sample 

magnetometer (VSM). 

A typical SAXS instrument using Cu as the x-ray source is not suitable for this study 

because Cu K x-rays are strongly absorbed by Co, resulting in x-ray fluorescence which 

causes a high background.  Therefore, the SAXS measurements were performed using a 

SAXS instrument with Mo K radiation (RIGAKU, Nano-viewer) and a two-dimensional 

detector (PILATUS-100k) at the National Institute for Materials Science (NIMS) in Japan.  

Furthermore, in transmission geometry, Mo K x-rays also have an advantage in that they 

penetrate through the Si substrates due to their high energy.  The incident x-ray was focused 

using a two-dimensional confocal mirror and collimated using the pinhole technique.  The 

beam diameter at the sample was ~0.5 mm.  The distance between the samples and the 

detector was 1.06 m, which covers q range from 0.2 to 5 nm
-1

.  In order to obtain the SAXS 

profile only from the nanogranular film, the profiles of virgin Si substrate was measured and 

subtracted from the SAXS profiles obtained from the films with Si substrate. 

SANS measurements generally require a larger amount of sample compared to SAXS 
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measurements.  Hence, 26 nanogranular films were stacked to obtain a SANS sample of 

sufficient thickness (tens of µm) to obtain acceptable statistical accuracy.  The dimensions 

of each film were ~20 mm high  ~20 mm wide  2 µm thick.  SANS measurements were 

carried out using the mf-SANS installed in the JRR-3 research reactor at the Japan Atomic 

Energy Agency [25]. The detector was an array of 48 one-dimensional 
3
He position-sensitive 

detectors (PSD).  The diameter and length of each PSD were 1.27 mm and 600 mm, 

respectively.  The distance between the samples and the detector was 0.6 m.  Stacked, bent 

Si slabs were used as a high efficiency monochrometer.  The wavelength was 0.58 nm.  To 

saturate the magnetization and align the magnetic scattering contribution, a magnetic field of 

0.5 T was applied parallel to the sample plane using a Halbach-type permanent magnet.  The 

SANS intensity perpendicular to the magnetic field is composed of the magnetic scattering as 

well as the nuclear scattering. 

For conversion of both the SAXS and SANS intensity to absolute scattering intensity, 

glassy carbon characterized at the Argonne National Laboratory was used as a standard [26]. 

 

 

3. RESULTS AND DISCUSSION 

Fig. 1 shows the two-dimensional (2D) SAXS pattern of the Co59Pd11Si8O22 nanogranular 

film.  The dark spot around q=0 is caused by a direct beam stop and is not an intrinsic 

property of the sample.  The clear ring observed at q=1-2 nm
-1

 is a typical feature of the 

interparticle interference effect which indicates that the particles are present and are densely 

packed in the film [27]. The SAXS intensity has no anisotropic pattern across the entire 

observable range.  Fig. 2 shows azimuthal plots obtained from Fig.1 in several q regions of 

0.8-0.9, 1.5-1.6, and 3.0-3.1 nm
-1

.  The horizontal axis is the azimuth angle  in the 2D 

detector plane.  It can be seen from the Fig. 2 that dependences are completely flat.  This 

clearly demonstrates that the nanostructures are isotropic.  Therefore, it is concluded that the 

orientation of the particle is random, and any shape anisotropy of the particles does not 

contribute to the magnetic anisotropy of the film. 

The q-dependence of the SAXS intensity ISAXS(q) in absolute units converted from Fig. 1 is 

shown in Fig. 3.  Although the q range available under the present measurement conditions 

is between 0.15 and 4.5 nm
-1

, the SAXS intensity of the sample in the q<0.4 nm
-1

 is missing 

due to very low scattering from the sample.  The profile exhibits a clear peak at q=1.5 nm
-1

 

and then decreases in proportion to q
-4

 in the higher q region.  These features correspond to 
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the scattering of densely packed spherical particles [27]. A similar peak was reported in 

previous studies of several other nanogranular films prepared using the sputtering method 

[14-18].
 

For further analysis of the nanostructures, a curve fitting was carried out.  In a system 

including densely packed particles, the interference effect from the x-ray or neutrons 

scattered from the particles has to be taken into account.  When the particles have a size 

distribution, the local monodisperse approximation is useful to involve polydispersity into the 

interparticle interference effect [28]. This approximation assumes that the particles are locally 

monodispersed and is written as, 

 



Ii(q)  dNii
2
Vi
2
Fi
2
(q,r)Ni(r)Si(q,r)dr0



 ,  (1) 

 

where dN and  are the number density of particles and the excess scattering length density, 

respectively.  These values are independent of q.  The parameters r and V are the radius 

and volume of the particles.  F(q,r), N(r), and S(q,r) describe the form factor (which is 

determined from particle shape), the size distribution function, and the structure factor (which 

represents the interparticle interference effect).  The subscript i is either SAXS or SANS, 

depending on the technique in use.  Based on TEM observations and the orientation 

discussion above, the shape of the particle in the nanogranular sample is regarded as spherical, 

for which F(q,r) and V are given by, 

 



F(q,r)  3
sin(qr)qrcos(qr)

(qr)3
, and   (2) 



V 
4

3
r3 .     (3) 

 

The Percus-Yevick approximation with a hard-sphere potential was selected for S(q) [27]. It 

involves the volume fraction of the particles Vhs and the interaction radius rhs.  For N(r), a 

logarithmic-normal distribution function is typically assumed.  It is represented as, 

 



N(r) 
1

2wr
exp 

ln r  ln rm 
2

2w2












,  (4) 
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where rm and w are the median and logarithmic standard deviations, respectively.  Using 

these parameters, the average Dave and standard deviation  of the diameter are expressed as, 

 



Dave  2rm exp(w
2 /2), and    (5) 



  2rm exp(w2){exp(w2)1} .   (6) 

 

However, for the present nanogranular films, a simple lognormal function cannot be used to 

interpret the experimental SAXS profiles, because the shoulder at q~3 nm
-1

 is a typical 

feature of narrow size distribution, whereas the peak shape broadened in the low q region 

indicates a wide size distribution.  This suggests that the sample is composed of at least two 

types of particles: particles with a narrow size distribution, and particles with a wide size 

distribution.  Thus, a summation of two lognormal functions N(r) = NA(r)+ NB(r), where 

suffixes A and B denote individual particles defined by each average DA or DB and standard 

deviation A or B, was used for fitting. 

Figure 3 also shows the fitted curve.  It agrees well with the experimental results.  This 

is the first experimental result for these two particle components.  The parameters obtained 

from the fitting are summarized in Table 1.  While particles A and B have narrow and wide 

size distributions, respectively, the DA is larger than the DB.  The A particles probably 

correspond to the primary particles previously observed via TEM because a sharp size 

distribution has usually been obtained in nanogranular films prepared using the sputtering 

method [6,14]. The existence of B particles provide possible effects of a surface and an 

interface between the substrate and the film.  In previous studies, anomalous segregation 

and growth of Co particles in silica matrix around surface or interface have often been 

reported [29-31].  Another review also pointed out that those segregation and particle 

growth result in the broadening of size and shape distributions [32].  Therefore, the B 

particles observed in the present study possibly correspond to the particles affected by the 

surface and interface. 

Next, the SANS results were analyzed.  The SANS intensity is separated into two 

components: nuclear Inuc(q) and magnetic scattering contributions Imag(q) [20]. While the 

former is the scattering from nuclei and gives information about the chemical structures, the 

latter is scattering due to the magnetic moment and provides the magnetic structures.  

Magnetic scattering occurs only in the direction perpendicular to q and the magnetic moment 

m.  Inuc(q) is regarded as isotropic because both ISAXS(q) and Inuc(q) reflect information about 
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the chemical structures of identical samples.  In the saturated magnetization state attained by 

applying a uniform magnetic field, the total SANS intensity ISANS(q) is expressed as [20], 

 



ISANS(q)  Inuc(q) Imag(q)sin
2 ,   (7) 

 

where  is the angle between q and m on the detector plane.  A magnetic field of 5000 Oe is 

sufficient to saturate the magnetization [5,6]. Therefore, the contribution parallel to the 

magnetic field I// and perpendicular to the magnetic field I are given by, 

 

)()(// qIqI nuc , and    (8) 

)()()( qIqIqI magnuc  .    (9) 

 

The q-dependent SANS intensity I//(q) and I(q) of the sample are shown in Fig. 4.  Sector 

averages were taken at sector angles of ±15 degrees with respect to a=0
o
 and 90

o
 for I//(q) and 

I(q).  The noisy I//(q) indicates that nuclear scattering is weak.  This is attributed to the 

low contrast of nuc between the particle and the matrix.  In the low q region of I//(q), there 

is no valid data point due to weak intensity of I//(q) and the lack of effective detector pixel.  

On the other hand, the I(q) shows significant scattering, and its shape is very similar to 

ISAXS(q).  Because of the low Inuc(q), the I(q) is regarded as primarily a contribution from 

the Imag(q).  This implies that the magnetic regions in the sample have similar structures, 

including the shape and size of the particles.  The simplest explanation of this result is that 

the particles and the matrix correspond to the magnetic and nonmagnetic regions, respectively.  

As a result, it is concluded that the magnetization in the particles is uniform and the magnetic 

particles have a clear interface between the particle and the matrix.  There is no apparent 

interface layer, such as an oxide layer. 

Subsequently, a combined analysis using both the SAXS and SANS results was performed.  

All of the SAS profiles ISAXS(q), Inuc(q) and Imag(q) are basically expressed by eq. (1).  The 

ACV method analyzes the ratio of ISAXS(q) and Inuc(q).  Since the VSAXS, FSAXS(q,r), NSAXS (r), 

and SSAXS (q,r) are essentially identical to those from nuclear scattering, the ratio of the SAXS 

to SANS profiles only gives the ratio of square scattering length density SAXS
2
/nuc

2
, 

which includes nanostructure chemical composition information [13,19]. The other terms in 

eq. (1), including information about the shape and size of the particles, cancel.  
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Unfortunately, for the present Co-Pd-Si-O nanogranular films, application of the normal ACV 

method is difficult due to its poor Inuc(q) statistics.  However, the present sample shows clear 

magnetic scattering and I(q) is accurate.  This is also useful because the above discussion 

details that the structure of the magnetic regions in the present sample is almost same as the 

structure of the particles.  This provides that the Vmag, Fmag(q,r), Nmag (r), and Smag (q,r) in eq. 

(1) are also equal to those due to nuclear scattering and x-rays.  Several research groups 

have previously reported the combined use of Imag(q) and Inuc(q) [33-36]. In this study, the 

ratio of ISAXS(q) to I(q) is analyzed instead of Inuc(q).  Because of the low accuracy of Inuc(q), 

the extraction of Imag(q) from I(q) causes a large error for Imag(q) based on eq. (9).  In the 

present case, the ratio ISAXS(q)/I(q) corresponds to r
2
=SAXS

2
/(nuc

2
+mag

2
).  Since the 

magnitude of mag
 
is proportional to the magnetization, the ratio r

2 
can be calculated if 

reference data for magnetization is available.  Therefore, the chemical composition can be 

determined from a comparison of the experimental ratio ISAXS(q)/I(q) with the calculated 

ratio r
2
. 

Fig. 5 shows the ISAXS(q)/I(q) profile evaluated using the data from Figs. 3 and 4.  The 

plots are almost constant in the q range higher than 1.2 nm
-1

.  The highest q range (> 2.5 

nm
-1

) is not considered in the present discussion because of excessively large error.  The q 

range between 1.2 and 2.5 nm
-1

 agrees with the peak observed in both ISAXS(q) and I(q).  

The good statistics in this q range are attributed to the high scattering intensity around the 

peak.  This constant ratio confirms that the chemical composition is uniform throughout the 

particles.  The average value of the experimental ratio ISAXS(q)/I(q) between q = 1.2 and 2.5 

nm
-1

 is 120, which is shown in Fig. 5 as a horizontal dotted line.  In the q range lower than 

1.2 nm
-1

, the ratio gradually decreases.  Since the validity of both SAXS and SANS profiles 

in this q region was confirmed by the measurements of the standard (glassy carbon), this 

decrease is significant and indicates the presence of structure larger than individual particle.  

This is possibly due to a higher order magnetic structure, such as magnetic domains 

expanding over several particles.  However, the present SANS results have resolution too 

low for further analysis.   

Then, the r
2
 ratio was calculated using reference data.  The first candidate for this 

sample was Co-Pd particles in a Si-O matrix.  There is a lot of magnetic data available for 

bulk Co-Pd, as well as the crystal structure, because Co-Pd is a well-known magnetic 

material in which Co induces a magnetic moment in Pd. Many studies about magnetic 

properties of Co-Pd have been carried out [37-39]. Since Si-O is also a popular material, 
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there is similarly a large amount of data [40,41]. Using those references, r
2
 values were 

calculated assuming that the samples consist of CoxPd1-x particles embedded in SiO2 (Fig. 6).  

It was first assumed that the Co was perfectly separated from the matrix.  Since a sector 

angle of ±15 degrees for the sector average of I(q) reduces the magnitude of Imag(q) to 98% 

as is obvious from eq. (7), the calculatedr
2
 includes 98% of mag

2
.  The experimental 

value evaluated from the ISAXS(q)/I(q) ratio is also shown in Fig. 6 as a dotted line.  The 

value of x is 0.84 in the present chemical composition, Co59Pd11.  The calculated r
2
 is 

higher than the experimental value of 120 over all x.  This indicates that the sample is not 

pure CoxPd1-x particles and a SiO2 matrix system. 

The results of the magnetic measurements also support this deviation from a pure 

CoxPd1-x/SiO2 system.  Figure 7 shows the magnetic hysteresis loops along the 

magnetization easy and hard axes of the present sample. The magnetizations of the easy and 

hard axes are saturated at ~100 and ~400 Oe, respectively. The large deference of about 300 

Oe between the easy and hard axes loops indicates the large magnetic anisotropy in the 

sample. The saturation magnetization 4Ms of the present sample is 8.4 kG.  The value 

obtained is 55% of that of bulk Co0.84Pd0.16.  If a completely separated CoxPd1-x/SiO2 system 

is assumed and their mass densities are used, the volume fraction of the Co0.84Pd0.16 particles 

is estimated to be 66%.  The present experimental result is only 84% of the ideal 

CoxPd1-x/SiO2 state.  Since the magnetization depends only on the magnetic moment of Co 

or Pd and the volume of the sample, this indicates that the magnetic moments and/or mass 

density of the sample become smaller than those of the bulk crystal. 

Then, the possible effects of this decrease in the magnetization of the CoxPd1-x particles 

were considered, because it is usual for magnetic particles to experience such phenomena as 

surface oxidation and size effects.  However, such a decrease in the magnetization raises the 

calculated values of r
2
 and makes the gap between the calculations and experiments wider.  

In contrast, an increase in the magnetization reduces the calculated r
2
, but this is 

inconsistent with the magnetic measurements and is generally not accepted for typical 

magnetic materials.  Furthermore, the effect of a change in the mass density of the SiO2 

matrix was also evaluated.  However, this alteration has a minimal impact on the calculated 

r
2
 because SAXS

2 
is dominated by the SAXS of the particles, and the contribution of the 

SiO2 matrix to SAXS
2 
is small. In addition, the contribution of nuc

2
 to the calculated r

2
 is 

also small.  Hence, the first assumption that the no Co exists in the matrix is probably not 

appropriate for the present sample.  The values of r
2
 for the CoxPd1-x particles/Co-Si-O 
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matrix system were then calculated.  Oxidized Co is known to have no magnetic ordering at 

room temperature and antiferromagnetic ordering at low temperature [42,43]. This is 

consistent with the results of the magnetic measurements which show the decrease in the 

magnetization.  Since Pd is a noble metal and is difficult to oxidize, possible intermixing of 

Pd into the matrix is excluded.  As a reference for the Co-Si-O matrix, the values of r
2
 for 

cobalt silicate Co2SiO4 and cobalt oxide CoO were calculated [44-46]. The calculated r
2
 

for these matrices are lower than the experimental values (Fig. 8).  This indicates that Co in 

the matrix decreases the value of r
2
.  Compared to the pure CoxPd1-x/SiO2 system, it can 

be concluded that the chemical composition of the present sample is primarily CoxPd1-x/SiO2, 

and that the Co is partially dispersed into the matrix.  Based on this model, the amount of Co 

in the matrix can be roughly estimated.  CoO and SiO2 were selected as calculation models 

for the matrix.  Figure 9 shows the value of r
2
 in the system of Co59-yPd11/(CoO)y(SiO2)8 

calculated using crystallographic data from CoO and SiO2.  The experimental r
2
 coincides 

with the value calculated for y=3 at.%.  This corresponds to Co0.84Pd0.16 and Co0.09Si0.24O0.67.  

The ratio of Co in the matrix to the total amount is 5%.  This indicates that a significant, but 

not large, amount of Co is dispersed in the matrix and oxidized.  The calculated value of 

nuc
2
 for this chemical composition is about 25 % of mag

2
.  With increasing Co in the 

matrix, the value of nuc
2
 also increases, but it is still smaller than mag

2
.  This coincides 

with the low accuracy of Inuc(q). 

In Co-Pd alloy films and multilayers, Pd is known to significantly enhance the magnetic 

anisotropy via crystallographic effects like magnetostriction or spin-orbit coupling of its large 

orbital magnetic moment [47-4]. Therefore, in the present Co-Pd-Si-O nanogranular films, 

the large magnetic anisotropy field can probably be attributed to the crystallographic 

magnetic anisotropy of the Co-Pd alloy. 

 

4. CONCLUSION 

Nanostructure of the Co59Pd11Si8O22 nanogranular film has been reported using SAXS and 

the SANS.  Using mf-SANS, significant scattering from particles with a diameter less than 4 

nm was observed.  First, the SAXS pattern indicates that the nanostructure of the 

nanogranular film is isotropic.  Second, the particles are composed of two components.  

One has a narrow size distribution with larger average diameter and probably corresponds to 

the primary portion of the film.  The other has a wider size distribution with smaller average 

diameter.  Finally, from an analysis of the r
2
 ratio, the chemical composition of the 
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particles was found to be CoPd and it was detected that small fraction of Co was dissolved 

into the matrix.  Co was also detected dissolved the matrix.  Using SAS and ACV 

techniques, the particle/matrix partition in a nanogranular film has been quantitatively 

investigated for the first time.  The information provided by this work will stimulate further 

nanogranular film research and development. 
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Table I Parameters DA, DB, A and B evaluated from the fitting. 

Fig. 1 2D SAXS pattern of the Co59Pd11Si8O22 nanogranular film. The central dark spot is the 

shadow of a direct beam stop. 

Fig. 2 Azimuthal plot of the SAXS intensity. The circle, diamond and triangle symbols are the 

intensities at 0.8-0.9, 1.5-1.6 and 3.0-3.1 nm
-1

, respectively. 

Fig. 3 q-dependent SAXS intensity. Open circles and solid line are experimental data and 

fitted curve, respectively. The line proportional to q
-4

 is also shown. 

Fig. 4 q-dependent SANS intensities. The opaque triangle and open square plots are I//(q) and 

I(q), respectively. While I//(q) is equal to the nuclear scattering Inuc(q), I(q) includes both 

the magnetic and nuclear contributions. The broken line is the scaled ISAXS(q). The shape of 

I(q) is almost the same as ISAXS(q) at high q. 

Fig.5 Ratio of ISAXS(q) to I(q). The horizontal dotted line indicates the average between 

q=1.2 and 2.5 nm
-1

. 

Fig. 6 Calculated values of r
2
 for CoxPd1-x particles embedded in an SiO2 matrix. The 

horizontal dotted line and the vertical dashed-dotted line indicate the experimental average of 

ISAXS/I and the chemical composition of the sample evaluated using RBS spectrometry, 

respectively. 

Fig. 7 Magnetic hysteresis loops along with the magnetization easy (solid curve) and hard 

axes (broken curve). 

Fig. 8 Calculated values of r
2
 for CoxPd1-x particles embedded in CoO, -Co2SiO4, 

-Co2SiO4 and -Co2SiO4, matrices. The horizontal dotted line indicates the experimental 

average of ISAXS/I. 

Fig. 9 Calculated values of r
2
 for Co59-yPd11 particles embedded in (CoO)y(SiO2)8. The 

horizontal dotted line indicates the experimental average of ISAXS/I. 
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Table I 

Particle Dave (nm) (nm)

A 3.67±0.02 0.612±0.005 

B 2.55±0.08 1.07±0.04 
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