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A B S T R A C T

We describe the atomic structure and magnetism in Fe nanoparticles (∼2 nm) ebedded in a Cu1−xAlx alloy
matrix. Nanocomposite films for these studies were prepared directly from gas phase using a flexible co-de-
position technique under Ultra-High Vacuum (UHV) conditions. Fe nanoparticles and the alloy matrix were
prepared using a gas aggregation source and MBE sources respectively. Extended x-ray absorption fine structure
(EXAFS) experiments indicate that the embedded Fe nanoparticles retain a bcc structure for Al-contents greater
than x=0.13 but, for Al-contents lower than this value, Fe nanoparticles have both fcc and bcc structures. The
magnetic moment per Fe atom initially increases with increasing Al-content due to the bcc structure becoming
more dominant in the embedded nanoparticles as the Al-content is increased, but then decreases with further
increase in Al-content. This decrease is consistent with a modest degree of alloying between Fe and Al atoms at
the particle/matrix interfaces.

1. Introductıon

Novel magnetic properties are displayed by metal particles at na-
nosizes (with size in the range 1–10 nm), compared to the corre-
sponding macroscopic material, due to the location of under-co-
ordinated atoms at the particle surface. Even very small changes in d
and f energy bands can cause significant alterations in the magnetic
properties of transition metals and rare earth metals respectively, and
this leads to nanoparticle properties that are size-dependent [1–3].
Performing Stern-Gerlach experiments on cluster beams of transition
metals such as Fe, Co and Ni revealed that enhancement of atomic
magnetic moments, relative to corresponding bulk form of the re-
spective materials, could be observed [1,2]. Thereafter, the enhance-
ment of atomic moments was also confirmed in Fe nanoparticles on a
substrate using x-ray magnetic circular dichroism (XMCD) experiments
[4–6].

Atomic structure of nanoparticles can be changed by depositing
them in an appropriate matrix of a different material. Atomic structure
plays a highly critical role in determining the magnetic properties of
materials, as has been seen in studies of Fe and Co nanoparticles in
various matrices [7–19]. In many of these studies, the low energy
cluster beam deposition (LECBD) technique [20] was used to prepare
the nanocomposite samples. This is due to the high degree of control

and flexbility afforded by the technique during the production of
granular materials, in which gas phase nanoparticles and matrix ma-
terials are deposited onto a surface simultaneously from a nanoparticle
source and molecular beam epitaxy (MBE) sources respectively.

Previous reports show that embedding Fe and Co nanoparticles in
different matrix materials leads to changes in the atomic structure,
depending on the host matrix materials [7–18], as mentioned above.
[These studies show that changes in the nanoparticle structure occur
“pseudoepitaxially” due to the embedding matrix rather than to thin
film effects]. For instance, after embedding Co nanoparticles in an Fe
matrix, the structure of the Co nanoparticles switches from hcp (as in
bulk Co) to the same structure (bcc) of the Fe host matrix [14]. After
embedding Fe nanoparticles in a Cu matrix, the bulk bcc atomic
structure of Fe switches to the same fcc structure of the host Cu matrix
[16,17]. Given that the lattice parameters of Cu and the high tem-
perature fcc phase of bulk Fe (above 1200 K) are 3.61 Å and 3.59 Å
respectively, this “pseudo-epitaxially” driven change in structure of the
Cu embedded Fe nanoparticles is not surprising. In previous studies, we
have shown that the atomic magnetic moment in Cu-embedded fcc Fe
nanoparticles is significantly less than the bulk Fe value (0.4–0.9 µB/
atom versus 2.2 µB/atom) [17].

The possibility of forming the f.c.c. structure in Fe at room tem-
perature has attracted much interest, in part due to the many
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calculations carried out previously for bulk f.c.c. Fe [21–23]. These
works indicate the possibility of enhanced atomic moments in fcc Fe, to
values as high as 2.5 µB/atom (i.e. higher than in bcc Fe). Moreover, the
calculations show that there is a strong dependence of atomic moment
on the fcc lattice parameter, with a transition from a low spin to a high
spin state as the lattice parameter is increased in the range 3.4–3.7 Å.
This prompted studies of ultra-thin fcc Fe films grown epitaxially on
Cu1−xAux substrates [24,25], since Cu1−xAux has an fcc structure with
a lattice parameter which increases with increasing Au content. The Fe
atomic moments were found to increase as the lattice parameter of the
substrate increased. Subsequently, we have also shown that embedding
Fe nanopaticles in a Cu1−xAux alloy matrix leads to a stretch in both the
fcc matrix structure and the embedded fcc Fe nanoparticles with in-
creasing Au-content [19]. [In fact the embedded Fe nanoparticles were
found to expand tetragonally rather than isotropically in an fcc struc-
ture]. Consistent with theory [17,21–23], as a result of this stretch the
atomic moments of Fe were increased sharply to values around
2.5 ± 0.3 µB/atom [19]. Managing embedded nanoparticle and matrix
material structures at the atomic scale in this way provides a high level
of control over the magnetic properties of nanocomposite materials. It
can play an important role in the imrovement of ‘new’ cluster-as-
sembled magnetic materials in number of areas, such as high density
data storage [26] and various biomedical applications [27,28].

Similarly to Cu1−xAux, the alloy Cu1−xAlx also has an fcc structure
with a lattice parameter which increases with increasing Al content.
The purpose of the work presented here was to investigate whether Fe
nanoparticles embedded in Cu1−xAlx also show significant moment
ehancements due to structure stretch (as measured for those embedded
in Cu1−xAux). Hence we present details of the measurements of atomic
structure and magnetism in ferromagnetic Fe nanoparticles embedded
in a Cu1−xAlx alloy matrix. The nanocomposite films were prepared in
the form of thin films using a flexible LECBD technique [20], therefore
providing a high-level of control over the nanostructure of the samples.
The results indicate that the atomic structure of Fe nanoparticles have
both bcc and fcc structures without any stretch in Fe-Fe interatomic
distances, while Cu-Cu interatomic distances increase as the Al-content
is increased in the alloy matrix. The atomic moments in the Fe nano-
particles initially increase sharply with increasing Al-content to close to
the bulk bcc value (2.2 µB/atom), then decrease slightly which is con-
sistent with some alloying between Fe and Al atoms with increasing Al-
content in the alloy matrix. EXAFS experiments were used to determine
the atomic structure in both Fe nanoparticles and alloy matrix, whereas
magnetism in the nanocomposite films was measured using VSM and
SQUID magnetometry.

2. Experimental details

Samples of Fe nanoparticles embedded in Cu1−xAlx alloy matrix
were prepared in thin film form using a co-deposition technique under
ultra-high-vacuum (UHV) conditions. A gas aggregation nanoparticle
source was used to produce the Fe nanoparticles, while Cu and Al were
produced using molecular beam epitaxy (MBE) sources. Detailed in-
formation about the nanoparticle source is given elsewhere [29,30].
Briefly, Fe nanoparticles are produced by nanoparticle source direct
from gas phase, with a log-normal distribution (diameters) in the
1–5 nm range with a strong peak at around 2 nm. The size of nano-
particles was monitored using a quadrupole filter. A quartz crystal
thickness monitor (XTM) was used to control deposition rates of em-
bedded nanoparticles and matrix materials. In order to isolate effec-
tively the Fe nanoparticles from one another, and hence avoid particle-
particle interactions, the Fe nanoparticle volume fraction in the films
was around 5% in all cases. [5% volume fraction is considerably below
the 3-D percolation threshold of 24.88% [31], for which a continuous
connectivity between the embedded nanoparticles and hence inter-
particle effects would be expected. Previous work on embedded Fe
nanoparticles, in Cu for example [17], has shown that they behave as

isolated particles at a volume fraction of 5%]. The Al-content in the
alloy matrix was changed from x=0 to 0.31 by controlling deposition
rates of Cu and Al. The nanocomposite films were deposited onto Si
(1 0 0) substrate for magnetometry and EXAFS measurements. To pro-
tect the nanocomposite films from oxidation after removing from the
ultra-high vacuum deposition chamber, and from any unwanted effects
from the substrate, a capping layer of Ag, about 500 Å, and a buffer
layer of Ag, about 250 Å, were deposited for each sample respectively.
For comparison purposes, a pure Fe film was prepared using an MBE
source.

Fe K edge and Cu K edge EXAFS experiments were carried out to
investigate atomic structure in the Fe nanoparticles and the Cu1−xAlx
alloy matrix. These experiments were performed on beamline B18 at
the Diamond Light Source. X-ray absorption spectra were obtained in
fluorescence, using a 36-element Ge detector, at room temperature. The
energy of the x-rays was chosen using a double crystal Si(1 1 1)
monochromator, while the incident x-ray intensity was measured using
an ionisation chamber which contained He gas. The EXAFS spectra χ(k)
were extracted from the measured absorption spectra using the com-
puter program PySpline [32], which enables subtraction of the back-
ground and then normalisation of the resulting spectra. Structural
parameters like interatomic distances ri, mean square variations in in-
teratomic distance σi2 (Debye–Waller factors) and coordinations Ni

could be obtained by analysing these spectra. The EXAFS spectra χ(k)
were analysed by using the EXCURV98 program [33] in which fast
curve wave theory [34] is used to model the electron waves. He-
din–Lundqvist potentials were used in the program to calculate phase
shifts and atomic scattering potentials, which account for the reduction
effects on amplitude in EXAFS [35]. All errors are within the ± 2
standard deviation range limits.

A Quantum Design SQUID magnetometer and Oxford Instrument
VSM magnetometer were used to investigate magnetism in the nano-
composite films. Magnetisation curves (magnetic moment versus ap-
plied magnetic field) were obtained for magnetic fields between±5 T
at 2 K. Knowing the total amount of Fe in the nanocomposite films, and
using the samples’ magnetic moment saturation values, the net atomic
moment per Fe atom could be measured.

3. Results and discussion

3.1. EXAFS

3.1.1. Cu K edge
Fig. 1 shows the k3-weighted Cu K edge EXAFS spectra k3χ, and

their associated Fourier transforms for samples of Fe nanoparticles
embedded in matrices of (i) pure Cu (ii) Cu0.92Al0.08 (iii) Cu0.87Al0.13
(iv) Cu0.82Al0.18 respectively. Initial observation of the data for these
samples shows that all four spectra look similar to each other. Pure Cu
is, of course, known to have an fcc structure. It was indeed possible to
obtain 4-shell fits as expected for the fcc structure for all Cu edge
spectra in Fig. 1. A common method was followed when performing the
fitting procedure; the values of Ni were fixed at values expected for the
fcc structure, whereas ri and σi2 were allowed to vary freely. As can be
expected for fcc structure, multiple scattering between the first and
fourth shells was incorporated in the fit. The fit values measured are
shown in Table 1, as can be seen from the results the ri values are si-
milar to those in fcc Cu.

The first point to note is that interatomic distances obtained for the
pure Cu matrix (for the 5.8 %VFF Fe/Cu film) are consistent with the
known interatomic distances in fcc Cu. It can be observed from the
structural parameters in the table that Cu-Cu interatomic distances
slightly stretch, while the face centred structure in the Cu1−xAlx matrix
is maintained, as the Al-content in the alloy matrix is increased. This is
similar to the stretch in Cu-Cu interatomic distances measured in
Cu1−xAux, in a previous study of Fe nanoparticles embedded in
Cu1−xAux [19]. It is also worth mentioning that, with increasing Al-
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content in the alloy matrix, the steady increase in Debye-Waller factor
indicates an increase in structural disorder.

3.1.2. Fe K edge
Fig. 2 Illustrate the k3-weighted Fe K edge EXAFS spectra k3χ, and

their associated Fourier transforms, measured for samples consisting of
Fe nanoparticles embedded in matrices of (i) pure Cu (ii) Cu0.92Al0.08
(iii) Cu0.87Al0.13 (iv) Cu0.82Al0.18 (v) Cu0.69Al0.31. Also for comparison
purposes, the spectrum for a pure Fe MBE film (vi) is given in the figure.
It can be noted that no evidence of oxidation was apparent in any of the
spectra for the embedded Fe nanoparticles. It is known from a previous
study [15] (where some oxidation was allowed deliberately by using a
porous C60 capping layer) that partial oxidation in Fe nanoparticles can
cause considerable changes in the spectra of the Fe K edge EXAFS; such
changes were not seen in any spectra of this study, confirming that the
500 Å Ag capping layer used here was sufficient to prevent oxidation.

From initial investigation of the Fe K edge spectrum and Fourier
transform for Fe nanoparticles embedded in Cu, which is shown in
Fig. 2(i), it is clear that they are similar to the corresponding data for
pure Cu (see Fig. 1(i)). The analysis of the Fe edge spectrum shows that
a good four shell fit is obtained for this sample which is consistent with
fcc, and shows that Fe clusters have an fcc structure in pure Cu. The fit
parameters ri and 2σi2 are shown in Table 2, with the known fcc Fe
interatomic distances. This is consistent with a previous study of Cu-
embedded Fe nanoparticles [17].

As the Al content in the matrix is increased, it can be seen from
Fig. 2 that the Fe K edge spectra and Fourier transforms become more
like the spectrum and Fourier transform for the Fe MBE film (see

Fig. 2(vi)). Analysis of the Fe MBE film spectrum shows that a good five
shell fit was obtained, and the structure is bcc as expected for bulk Fe
and for this sample (Multiple scattering was included between shells 1
and 5). During the fitting procedure Ni were held fixed at values for the
bcc structure. Table 2 shows the obtained fit parameters, and also the
known interatomic distances in bcc Fe. When Al is introduced into the
Cu matrix, it is in fact not possible to obtain satisfactory fcc fits to the Fe
edge spectra. However, it is possible to obtain bcc fits to the Fe edge
spectra. The fit parameters obtained can be seen in Table 2.

For Fe nanoparticles in Cu0.82Al0.18 and Cu0.69Al0.31 matrices, good
bcc fits to the Fe edge data were obtained. However, as can be seen
from Fig. 2, for Fe nanoparticles in the Cu0.92Al0.08 and Cu0.87Al0.13
alloy matrices, the bcc fits to the Fe edge spectra were less good. One
reason for this could be that there are Fe nanoparticles with both bcc
and fcc structures in these samples. In an attempt to account for this in
the fits, a multi-shell fit was applied to the data, with shells from both
fcc and bcc structures. The values of coordinations Ni were fixed with a
50% bcc–50% fcc mixture. So the first coordination shells in the bcc and
fcc structures were held at 4 and 6 (rather than 8 and 12). The second
coordination shells for the bcc and fcc structures were held at 3 and 3
respectively (rather than 6 and 6), and so on. The values of ri and 2σi2

were allowed to change freely in the fits. Table 3 shows the obtained fit
parameters. Fig. 3 shows the modified fits to the data for these samples,
and the measured data. The 50% bcc–50% fcc fits are improved relative
to the bcc fits. These results indicate that Fe nanoparticles in a
Cu0.92Al0.08 and Cu0.87Al0.13 alloy matrix can exist with both bcc and
fcc structures. However with increasing Al-content in the matrix, the
embedded Fe nanoparticles’ atomic structure changes predominantly to
bcc. These results differ from a previous study of Fe nanoparticles
embedded in a Cu1−xAux matrix [19]. Here, the basic fcc structure of

Fig. 1. Cu K edge EXAFS spectra χ, weighted by k3, and associated Fourier
transforms measured for (i) a film of Fe nanoparticles embedded in pure Cu, (ii)
a film of Fe nanoparticles embedded in Cu0.92Al0.08, (iii) a film of Fe nano-
particles embedded in Cu0.87Al0.13, (iv) a film of Fe nanoparticles embedded in
Cu0.82Al0.18. The full line represents the data and Fourier transform of the data
while the dashed line represents the fit to the data and Fourier transform of the
fit.

Fig. 2. Fe K edge EXAFS spectra χ, weighted by k3, and associated Fourier
transforms measured for (i) a film of Fe nanoparticles embedded in pure Cu, (ii)
a film of Fe nanoparticles embedded in Cu0.92Al0.08, (iii) a film of Fe nano-
particles embedded in Cu0.87Al0.13, (iv) a film of Fe nanoparticles embedded in
Cu0.82Al0.18, (v) a film of Fe nanoparticles embedded in Cu0.69Al0.31, (vi) an Fe
MBE film. The full line represents the data and Fourier transform of the data
while the dashed line represents the fit to the data and Fourier transform of the
fit.
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the embedded Fe nanoparticles was retained with increasing Au-con-
tent in the alloy matrix.

Fig. 4 shows the k3-weighted Fe K edge EXAFS spectrum k3χ, and
associated Fourier transform for Fe nanoparticles embedded in a pure
Al matrix. It is evident that the amplitude of k3χ is a factor of six times
lower for the Al-embedded Fe nanoparticles, when compared to the
data in Fig. 2(vi) for the conventional Fe film. A two shell fit was ap-
plied to this data, with one Fe-Al shell and one Fe-Fe shell. The fit
parameters ri and 2σi2 and Ni obtained from this are listed in Table 4.
The fit values for Ni indicate that Fe atoms are predominantly co-
ordinated by Al rather than Fe. The fact that Al is a relatively light
scatterer, and the relatively large fit value obtained for σ2 Fe-Al, is con-
sistent with the low amplitude of the EXAFS. It is also clear from these
results that there is a considerable degree of alloying between the Fe
nanoparticles and Al matrix. The fit values obtained for ri are consistent
with the bcc FeAl alloy structure [36].

3.2. Magnetometry

Magnetisation curves were measured for the films of Fe nano-
particles in a Cu1−xAlx alloy matrix for four different atomic fractions of
Al, and in a pure Cu matrix, at 2 K temperature. The magnetisation
curves for the films of Fe nanoparticles embedded in (i) pure Cu matrix,
(ii) Cu0,87Al13 alloy matrix and (iii) Cu0,69Al31 alloy matrix are dis-
played in Fig. 5. The magnetic moment values per atom for each of the
five nanocomposite films were obtained using saturation magnetisation

curves. These are shown in Fig. 6.
It is known from a previous study [17] that the atomic magnetic

moments per Fe atom in Cu1−xAux-embedded Fe nanoparticle films
clearly increase with increasing Au-content in the alloy matrix. In-
creasing Au-content leads to stretching in the structure of the fcc ma-
trix, and this stretch also caused a stretch in the structure of the fcc Fe
nanoparticles in the alloy matrix. The controlled change and stretching
of the atomic structure in the fcc Fe nanoparticles led to an increasing
atomic magnetic moment to a high moment ferromagnetic state, with
values of atomic moment as high as 2.5 ± 0.3 µB/atom. This result is
broadly parallel with a number of works, for fcc Fe thin films grown on
an alloy substrate [24,25,37,38], where lattice expansion leads to a
high moment ferromagnetic state.

In the work presented here, for the Fe nanoparticles in a pure Cu
matrix, the Fe magnetic moment was found to be 0.7 µB/atom, while
the atomic structure of the Fe nanoparticles was found to be fcc. This
agrees with a previous report [17], where the crystal structure in Cu-
embedded Fe nanoparticles at dilute concentrations of Fe nanoparticles
was found to be fcc, and where the atomic Fe moments were between
0.4 and 0.9 µB/atom. In the present study, it can be noted that the
atomic moment in the Fe nanoparticles initially increases rapidly as the
Al-content in the Cu1−xAlx matrix is increased (see Fig. 6). The atomic
moment for Fe nanoparticles in a Cu0.87Al0.13 matrix is already close to
the value for bulk bcc Fe. As discussed in the previous section, Fe na-
noparticles with both fcc and bcc structures are present in the em-
bedded Fe nanoparticles when the Al-content in the matrix is low. Fe

Table 1
Structural parameters ri and 2σi2 (interatomic distances and Debye–Waller factors respectively) obtained from fits to the Cu K edge EXAFS spectra measured for films
of Fe nanoparticles embedded in a Cu1−xAlx matrix. Also included the interatomic distances and coordinations in bulk fcc Cu.

Shell 1 Shell 2 Shell 3 Shell 4

fcc Cu r1= 2.55 Å r2= 3.61 Å r3= 4.42 Å r4=5.11 Å
N1=12 N2=6 N3=24 N4=12

5.8% VFF Fe Clusters in Cu Matrix r1= 2.54 ± 0.01 Å r2= 3.58 ± 0.02 Å r3= 4.44 ± 0.02 Å r4=5.11 ± 0.01 Å
2 1

2 =0.016 ± 0.001 Å2 2 2
2 =0.025 ± 0.004 Å2 2 3

2 =0.023 ± 0.001 Å2 2 4
2 =0.022 ± 0.001 Å2

6.8% VFF Fe Clusters in Cu0.92Al0.08Alloy Matrix r1= 2.55 ± 0.01 Å r2= 3.58 ± 0.02 Å r3= 4.47 ± 0.02 Å r4=5.15 ± 0.02 Å
2 1

2 =0.018 ± 0.001 Å2 2 2
2 =0.029 ± 0.005 Å2 2 3

2 =0.030 ± 0.003 Å2 2 4
2 =0.027 ± 0.002 Å2

6.2% VFF Fe Clusters in Cu0.87Al0.13Alloy Matrix r1= 2.56 ± 0.01 Å r2= 3.62 ± 0.02 Å r3= 4.49 ± 0.02 Å r4=5.16 ± 0.02 Å
2 1

2 =0.022 ± 0.001 Å2 2 2
2 =0.033 ± 0.007 Å2 2 3

2 =0.035 ± 0.003 Å2 2 4
2 =0.033 ± 0.004 Å2

5.1% VFF Fe Clusters in Cu0.82Al0.18Alloy Matrix r1= 2.57 ± 0.01 Å r2= 3.64 ± 0.03 Å r3= 4.53 ± 0.02 Å r4=5.18 ± 0.03 Å
2 1

2 =0.027 ± 0.001 Å2 2 2
2 =0.035 ± 0.007 Å2 2 3

2 =0.042 ± 0.005 Å2 2 4
2 =0.041 ± 0.007 Å2

Table 2
Structural parameters ri and 2σi2 (interatomic distances and Debye–Waller factors respectively) obtained from fits to the Fe K edge EXAFS spectra measured for films
of Fe nanoparticles embedded in a Cu1−xAlx matrix. Also included the interatomic distances and coordinations in fcc Fe and bulk bcc Fe.

Shell 1 Shell 2 Shell 3 Shell 4 Shell 5

fcc Fe r1= 2.54 Å r2= 3.59 Å r3= 4.40 Å r4= 5.08 Å
N1=12 N2=6 N3=24 N4=12

5.8% VFF Fe Clusters in Cu Matrix r1= 2.53 ± 0.01 Å r2= 3.58 ± 0.02 Å r3= 4.43 ± 0.02 Å r4= 5.08 ± 0.01 Å
2 1

2 =0.018 ± 0.001 Å2 2 2
2 =0.033 ± 0.006 Å2 2 3

2 =0.032 ± 0.003 Å2 2 4
2 =0.029 ± 0.002 Å2

Bulk bcc Fe r1= 2.49 Å r2= 2.87 Å r3= 4.06 Å r4= 4.76 Å r5=4.97 Å
N1=8 N2=6 N3=12 N4=24 N5=8

Fe MBE film r1= 2.48 ± 0.01 Å r2= 2.84 ± 0.02 Å r3= 4.07 ± 0.01 Å r4= 4.76 ± 0.02 Å r5=4.96 ± 0.02 Å
2 1

2 =0.011 ± 0.001 Å2 2 2
2 =0.015 ± 0.001 Å2 2 3

2 =0.022 ± 0.003 Å2 2 4
2 =0.019 ± 0.002 Å2 2 5

2 =0.017 ± 0.003 Å2

6.8% VFF Fe Clusters in
Cu0.92Al0.08Alloy Matrix

r1= 2.50 ± 0.01 Å r2= 2.87 ± 0.02 Å r3= 4.04 ± 0.02 Å r4= 4.81 ± 0.03 Å r5=5.00 ± 0.02 Å

2 1
2 =0.014 ± 0.001 Å2 2 2

2 =0.050 ± 0.007 Å2 2 3
2 =0.035 ± 0.003 Å2 2 4

2 =0.043 ± 0.008 Å2 2 5
2 =0.034 ± 0.006 Å2

6.2% VFF Fe Clusters in
Cu0.87Al0.13Alloy Matrix

r1= 2.49 ± 0.01 Å r2= 2.84 ± 0.01 Å r3= 4.07 ± 0.02 Å r4= 4.79 ± 0.03 Å r5=4.99 ± 0.02 Å

2 1
2 =0.014 ± 0.001 Å2 2 2

2 =0.039 ± 0.004 Å2 2 3
2 =0.034 ± 0.004 Å2 2 4

2 =0.037 ± 0.006 Å2 2 5
2 =0.032 ± 0.006 Å2

5.1% VFF Fe Clusters in
Cu0.82Al0.18Alloy Matrix

r1= 2.49 ± 0.01 Å r2= 2.81 ± 0.02 Å r3= 4.09 ± 0.02 Å r4= 4.79 ± 0.03 Å r5=4.97 ± 0.02 Å

2 1
2 =0.016 ± 0.001 Å2 2 2

2 =0.032 ± 0.003 Å2 2 3
2 =0.036 ± 0.004 Å2 2 4

2 =0.037 ± 0.007 Å2 2 5
2 =0.031 ± 0.006 Å2

6.0% VFF Fe Clusters in
Cu0.69Al0.31Alloy Matrix

r1= 2.50 ± 0.01 Å r2= 2.84 ± 0.02 Å r3= 4.10 ± 0.02 Å r4= 4.81 ± 0.03 Å r5=4.92 ± 0.06 Å

2 1
2 =0.016 ± 0.001 Å2 2 2

2 =0.027 ± 0.003 Å2 2 3
2 =0.032 ± 0.004 Å2 2 4

2 =0.020 ± 0.002 Å2 2 5
2 =0.049 ± 0.010 Å2
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nanoparticles embedded in an Ag matrix are known to have a bcc
structure [15], and the same atomic moments as in bulk Fe [39]. The
strong increase in atomic Fe moment with increasing Al-content seen

here is therefore consistent with an increasing proportion of bcc Fe
nanoparticles.

For Al-contents higher than 0.13, it can be seen that the net atomic
moment value of Fe decreases slightly as the Al content in the Cu1−xAlx
alloy matrix is increased further. As discussed in detail in the structural
analysis section, there is a high degree of alloying between Fe and Al
atoms in a sample of Fe nanoparticles embedded in Al. Fig. 7 shows the
magnetisation curve measured for this sample. The net atomic Fe mo-
ment, extracted from the saturation magnetisation, was found to be
0.39 µB/atom i.e. much lower than 2.2 µB/atom in bcc Fe. With in-
creasing Al-content in the Cu1−xAlx alloy matrix, a modest amount of
alloying between Fe and Al atoms at the nanoparticle/matrix interface
becomes more likely. This could explain the modest decrease observed
in net atomic Fe moment at higher Al-content.

Table 3
Structural parameters ri and 2σi2 (interatomic distances and Debye–Waller
factors respectively) obtained from 50% bcc – 50% fcc fits to the Fe K edge
EXAFS spectra, measured for films of Fe nanoparticles embedded in a Cu1−xAlx
matrix. Also included are the coordinations Ni used in the fit.

Film of Fe nanoparticles in
Cu0.92Al0.08 alloy matrix

Film of Fe nanoparticles in
Cu0.87Al0.13 alloy matrix

Shell 1a
(bcc)

r1a= 2.49 ± 0.01 Å
2σ21a= 0.011 ± 0.001 Å2

N1a=4

r1a= 2.48 ± 0.01 Å
2σ21a= 0.008 ± 0.001 Å2

N1a= 4
Shell 1b

(fcc)
r1b= 2.55 ± 0.01 Å
2σ21b= 0.024 ± 0.003 Å2

N1b=6

r1b= 2.55 ± 0.02 Å
2σ21b=0.034 ± 0.004 Å2

N1b= 6
Shell 2a

(bcc)
R2a=2.86 ± 0.01 Å
2σ22a= 0.027 ± 0.003 Å2

N2a=3

R2a= 2.86 ± 0.01 Å
2σ22a= 0.017 ± 0.002 Å2

N2a= 3
Shell 2b

(fcc)
R2b= 3.56 ± 0.02 Å
2σ22b= 0.025 ± 0.004 Å2

N2b=3

R2b= 3.54 ± 0.03 Å
2σ22b=0.029 ± 0.006 Å2

N2b= 3
Shell 3a

(bcc)
R3a=4.08 ± 0.01 Å
2σ23a= 0.021 ± 0.002 Å2

N3a=6

R3a= 4.07 ± 0.02 Å
2σ23a= 0.021 ± 0.004 Å2

N3a= 6
Shell 3b

(fcc)
R3b= 4.37 ± 0.02 Å
2σ23b= 0.043 ± 0.006 Å2

N3b=12

R3b= 4.26 ± 0.04 Å
2σ23b=0.046 ± 0.011 Å2

N3b= 12
Shell 4a

(bcc)
R4a=4.82 ± 0.01 Å
2σ24a= 0.022 ± 0.002 Å2

N4a=12

R4a= 4.80 ± 0.01 Å
2σ24a= 0.017 ± 0.001 Å2

N4a= 12
Shell 4b

(fcc)
R4b= 5.29 ± 0.02 Å
2σ24b= 0.022 ± 0.004 Å2

N4b=6

R4b= 5.27 ± 0.04 Å
2σ24b=0.028 ± 0.009 Å2

N4b= 6

Fig. 3. Fe K edge EXAFS spectra χ, weighted by k3, and associated Fourier
transforms measured using two-shell fit for (i) a film of Fe nanoparticles em-
bedded in Cu0.92Al0.08, (ii) a film of Fe nanoparticles embedded in Cu0.87Al0.13.
The full line represents the data and Fourier transform of the data while the
dashed line represents the fit to the data and Fourier transform of the fit.

Fig. 4. Fe K edge EXAFS spectrum χ, weighted by k3, and associated Fourier transform measured for a film of Fe nanoparticles embedded in Al with 5.9% VFF. The
full line represents the data and Fourier transform of the data while the dashed line represents the fit to the data and Fourier transform of the fit.

Table 4
Structural parameters ri and 2σi2 (interatomic distances and Debye-Waller
factors respectively) obtained from fits to the Fe K edge EXAFS spectrum
measured for a film of Fe nanoparticles embedded in an Al matrix.

rFe-Al=2.52 ± 0.02 Å
rFe-Fe=2.55 ± 0.03 Å
2σ2 Fe-Al=0.031 ± 0.012 Å2

2σ2 Fe-Fe=0.014 ± 0.010 Å2

N Fe-Al=6.5 ± 0.9
N Fe-Fe=0.8 ± 1.0

Fig. 5. Magnetization curves, showing total magnetic moment in the samples as
a function of applied field, measured at 2 K for (i) a film of Fe nanoparticles in
pure Cu, (ii) film of Fe nanoparticles in Cu0,87Al13 alloy matrix, (iii) film of Fe
nanoparticles in Cu0,69Al31 alloy matrix. The equivalent thickness of Fe and the
sample area for all samples was 350 Å and 25.5mm2 respectively.
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4. Conclusions

We have measured the atomic structure and magnetism of Fe na-
noparticles embedded in a Cu1−xAlx matrix. EXAFS measurements
show that Fe nanoparticles in Cu0.82Al0.18 and Cu0.69Al0.31 alloy ma-
trices retain their bcc structure, while in Cu0.92Al0.08 and Cu0.87Al0.13
alloy matrices Fe nanoparticles have both fcc and bcc structures. The
magnetic moment of Fe atoms for Fe nanoparticles in a Cu1−xAlx matrix
initially increases with increasing Al-content. This reflects the increased
proportion of bcc Fe nanoparticles as the Al-content is increased.
Beyond Al-contents of x= 0.13 the Fe atomic moment decreases, which
is consistent with a modest degree of alloying between Fe and Al atoms
at the nanoparticle/matrix interface.
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