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We present a study of the local magnetic properties of iron/iron oxide granular nanostructures by x-ray
magnetic circular dichroism �XMCD�. Metallic iron ��-Fe� nanoparticles, with average sizes ranging from 5 to
13 nm, are embedded in a nanocrystalline oxide matrix composed of both magnetite �Fe3O4� and maghemite
��-Fe2O3�. These granular samples were synthesized by cold compacting core-shell nanoparticles, in which a
2–3 nm-thick oxide layer surrounds the iron particles, synthesized by inert gas condensation. By exploiting the
chemical selectivity and site sensitivity of XMCD, we were able to separate the magnetic contributions of the
metallic core and of the two oxide phases present in the matrix and to study their behavior as a function of iron
particle size and applied magnetic induction field. We detected the presence of a significant spin canting,
predominantly affecting the octahedral sites of Fe in the oxide phase, and studied its dependence on the degree
of structural disorder and applied magnetic induction field.
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I. INTRODUCTION

The structure and properties of ultra-fine particles and
granular nanostructures attract both fundamental and techno-
logical research interest, motivated by the challenge of dis-
covering and understanding phenomena related to size and
surface effects.1 A number of synthesis routes are being cur-
rently employed and continuously improved; the aim is to
improve the control over the size distribution, surface mor-
phology, and stability of nanostructures.2 Magnetic core-
shell nanoparticles, constituted by a ferromagnetic core sur-
rounded by a weakly magnetic or antiferromagnetic oxide
shell, have potential applications in magnetic recording
technology3,4 and they can be easily compacted in order to
produce metal/oxide granular samples in which metal nano-
particles are uniformly embedded in an oxide matrix. For
instance, Fe/Pt or Co/CoO core-shell nanoparticles are
nowadays studied as candidates to provide media with very
high magnetic recording densities,5 while oxide based nano-
structures have many useful application in spintronics.6

A suitable way to synthesize granular nanostructures is a
two step process in which the Inert Gas Condensation �IGC�
method7 is used to produce metallic nanoparticles and the
oxide shell is the result of a controlled surface oxidation
process. The oxide shell, besides protecting against further
oxidation, represents the effective medium for transmission
of exchange interactions and conduction electrons between
the ferromagnetic metallic cores.

The iron/iron oxide core-shell system is certainly one of
the most studied materials in this class.8–10 It is generally

accepted that, for particle sizes above 2 nm, the magnetic
moment per atom and the lattice parameter of the �-Fe cores
are equal to those of bulk �-Fe, while the oxide shell consists
of a mixture of heavily strained magnetite �Fe3O4� and
maghemite ��-Fe2O3�, i.e., the two iron oxides with a spinel
structure.11,12 The oxide layer is only 2–3 nm thick and is
composed of very fine crystallites, the size of which is simi-
lar. In nanostructured magnetically ordered materials, the
high density of interfaces, defects, and, more generally, the
presence of structural disorder, gives rise to the misalignment
of atomic magnetic moments.10,13 For the sake of simplicity,
we will generally designate all these magnetic disorder phe-
nomena as spin canting, irrespective of its origin being a
surface-, a size- or a disorder-driven effect�s�.

X-ray Magnetic Circular Dichroism �XMCD� originates
from a coupling between the photon spin and the atomic
magnetic moment; upon application of an external magnetic
induction field, this gives rise to a difference between the
absorption cross sections measured with the magnetic field
parallel or antiparallel to the photon wave vector. XMCD
was first observed in 1987 by Schütz et al.14 at the Fe K
edge. In the soft x-ray range, it was first measured at the
Ni L2,3 edges three years later by Chen et al.15 In addition to
the chemical selectivity of x-ray absorption spectroscopy
�XAS�, XMCD gives information on the spin and orbital
magnetic moments of the excited atom. Moreover, the inten-
sity of the XMCD signal measured for a given atom in a
given site is proportional to the projection of the magnetic
moment of the absorbing atom on the direction of the applied
magnetic field.16 This also allows to record hysteresis loops
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corresponding to a given element for a sample containing
several different magnetic elements.

In this paper, we employ XMCD at the FeL2,3edges to
study the magnetic behavior of granular iron/iron oxide
nanostructures obtained by compacting Fe/Fe oxide nanopar-
ticles prepared by IGC and post-oxidation. The presence of
three different magnetic phases, i.e., metallic iron, magnetite,
and maghemite, and the quite complex nanocrystalline
structure of this kind of sample, exhibiting both
size-dependent11,17,18 and disorder-driven effects,19 make this
study particularly challenging, both from a fundamental
physics and experimental point of view. In particular, we
used XMCD to separate and quantify different magnetic con-
tributions due to the three phases and we independently stud-
ied their behavior as a function of the applied magnetic in-
duction field and metallic particle dimensions. We also
investigated in more detail the magnetic behavior of the dis-
ordered oxide matrix. In this way, we were able to compare
the magnetic behavior of nanometric maghemite and magne-
tite grains to that of their coarse grained counterparts and,
more importantly, we found evidence for a disorder-driven
enhancement of spin canting for iron atoms in octahedral
sites. Since XMCD has mostly been applied to the study of
two dimensionally ordered systems or ordered bulk materi-
als, in the present study we illustrate a significant extension
of the field of application of the technique to the study of
highly disordered nanocrystalline solids.

II. EXPERIMENTAL

Iron nanoparticles were synthesized using the IGC tech-
nique: 99.98% pure iron was evaporated from a tungsten
crucible 133 Pa of 99.9999% pure He. Nanoparticles are
formed by homogeneous nucleation of metallic vapors and
by convection they collect on a rotating drum cooled by
liquid nitrogen. After restoring high-vacuum conditions
�10−5 Pa�, the passivation procedure was initiated by slowly
admitting pure O2 into the growth chamber. A pressure of
133 Pa was attained in about one hour. Finally, the nanopar-
ticles were exposed to 1.2 kPa of He for 24 h. The oxidation
procedure deposits an iron oxide �FexOy� layer on the metal-
lic cores, resulting in the core-shell morphology.11 Oxidized
particles �Fe/FexOy� were then scraped from the collection
surface and cold-compacted in the form of pellets in a high
vacuum under a uniaxial pressure of 1.5 GPa, in order to
obtain granular nanostructures. The mean size of the nano-
particles was controlled by varying the evaporation rate by
adjusting the evaporator heating current. In this way, three
samples were prepared: FeO5, FeO9, and FeO13, where the
final number represents D, the average core diameter in nm,
determined as described later. Some of the present authors11

have previously reported an XAS investigation at the Fe and
O K edges on similar samples; it was found that the volume
fraction of maghemite decreases from 94% to 17% with an
increasing core diameter in the range 7–21 nm. The high
degree of structural disorder for smaller particles was sug-
gested to cause an enhanced rate of transformation from
magnetite to maghemite in the oxygen rich atmosphere dur-
ing growth.

X-ray Diffraction �XRD� was carried out using a Rigaku
DMAX IIIC diffractometer with Cu-K� radiation ��
=1.54056 Å� and a graphite monochromator in the diffracted
beam. The diffraction profiles were analyzed using the
MAUD software package,20 which performs a Rietveld full
profile fitting.21

Fe L3,2 edge XMCD measurements were performed at the
BACH beamline of the ELETTRA Synchrotron Radiation
Laboratory �Trieste, Italy�, operated at 2.4 GeV. A pair of
APPLE-II undulators22 provided the photon source and a
spherical grating monochromator with a groove density of
400 lines/mm was used. The first harmonic of the undulator
radiation was used and the flux on the sample was approxi-
mately 7�1011 photons/s. The circular polarization rate of
the x-ray beam was close to 100% and the resolving power
of the monochromator was �1500. XMCD spectra were col-
lected with a step of 0.2 eV.

Samples were placed in a 4He cryostat developed by Kap-
pler and Sainctavit.23 With this apparatus the sample
temperature can be set between 300 and 1.5 K, while the
external magnetic induction field is generated by a supercon-
ducting coil and can be reversed from −7 to 7 T in less than
15 minutes. The direction of the applied field was parallel or
antiparallel to the wave vector of the impinging x-ray beam;
all spectra were collected with the sample surface perpen-
dicular to the beam itself. The samples were directly glued
on the sample holder with conductive silver paint, in order to
ensure good electrical and thermal conductivity. XAS spectra
were collected in the Total Electron Yield �TEY� mode by
recording the sample drain current as a function of photon
energy.

Two series of measurements were performed at the tem-
perature of 100 K for different values of the applied mag-
netic induction field B: all samples were investigated at B
=5 T, while only samples FeO5 and FeO13, the least and the
most concentrated in �-Fe content, were also measured at
B=2 T. Measurements were performed by reversing both the
direction of the applied magnetic induction field and the pho-
ton helicity in order to minimize systematic errors that could
adversely affect the spectra, as explained later.

XMCD is defined as the difference between the x-ray ab-
sorption cross section for right-handed and left-handed pho-
tons in the presence of an applied magnetic field parallel to
the photon wave vector.24,25 Thus, the dichroic signal is
�XMCD=�↓↑-�↑↑, where �ab denotes the cross section with a
representing the helicity of the photon and b the direction of
the applied magnetic field. a= ↑ �↓� when the photon is left
�right� handed, while b= ↑ �↓� when the magnetic field is
parallel �antiparallel� to the photon wave vector. It is well
known26 that, in the electric dipole approximation, reversing
the magnetic field direction is equivalent to changing the
incoming photon helicity: �↑↓=�↓↑ and �↑↑=�↓↓. From this
point of view, the same dichroic signal should, in principle,
be obtained, reversing either the beam helicity or the applied
field; as matter of fact, the two procedures often provide
slightly different results because of experimental setup limi-
tations or various systematic errors �e.g., the sensitivity of
the TEY detection mode to the orientation of the magnetic
field and slight changes in the beam position on the sample
when changing the photon helicity�. In order to minimize
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these systematic errors, the XMCD spectra reported in this
paper were all obtained by averaging tens of equivalent spec-
tra collected by alternatively reversing beam helicity and ori-
entation of the magnetic induction field. Reported XMCD
spectra are given by �XMCD= ���↑↓+�↓↑�− ��↑↑+�↓↓�� /2
while isotropic absorption spectra were calculated as �ISO
= ��↑↓+�↓↑+�↑↑+�↓↓� /4. The latter spectra were found to be
identical to the XAS spectra measured without applied mag-
netic induction and sample magnetization. No corrections for
the sample geometry or the partial beam polarization are nec-
essary in our experimental conditions.

Spectra of bulk �-Fe, magnetite, and maghemite, were
collected as references on the BACH beamline and also at
the SU23 beamline on the Super-ACO storage ring of the
�former� LURE laboratory �Orsay, France�; measurements on
these reference samples were performed at T=5 K and B
=2 T.

III. DATA ANALYSIS

A. Structural characterization

XRD profiles of the three nanosamples, as previously
reported,10–12 show the presence of two different phases:
metallic �-Fe, and an oxide with a spinel structure that
can be identified either as Fe3O4 or �-Fe2O3. The presence
of hematite, �-Fe2O3, can be safely excluded. The Rietveld
analysis �the results of which are reported in Table I� allowed
us to determine crystallite size, root squared microstrain
��	2
1/2�, and concentrations of these two phases. An ob-
served severe peak broadening �not shown here� indicates
that the oxide matrix is composed by ultrafine crystallites
with dimensions in the range 2–3 nm.

The increase of the microstrain in the �-Fe cores with
decreasing diameter reflects the enhanced relative number of
Fe atoms located at the metal/oxide interface and most likely
subjected to local stresses; also, the microstrain of the oxide
matrix increases with decreasing dimension of the cores.
This behavior can be attributed to the greater volume con-
centration of grain boundaries and low coincidence inter-
faces of the shells grown around smaller metallic
particles.11,27

B. XMCD measurements

In order to provide a consistent normalization, raw XAS
spectra were divided by the value of the x-ray absorption at
the maximum of the L3 edge of the isotropic spectra. As an
example, the XAS spectra for sample FeO9 measured with
both beam helicities and obtained using this procedure are
reported in Fig. 1�b�. The XMCD signals �multiplied ten
times� for the three investigated samples are also shown in
Fig. 1 �open circles�, while similarly normalized reference
spectra of �-Fe, magnetite, and maghemite are reported in

TABLE I. Results of Rietveld analysis of XRD spectra.

Crystallite
size
�nm�

Microstrain
�10−3�

Volume
fraction

FeO5

�-Fe 5.3±0.6 11±2 11%

FexOy 2.5±0.6 12±3 89%

FeO9

�-Fe 9.3±0.4 6.1±0.7 30%

FexOy 2.0±0.3 9±2 70%

FeO13

�-Fe 13.1±0.4 4.0±0.3 48%

FexOy 2.4±0.1 7±2 52%

FIG. 1. XAS and XMCD spectra at the Fe-L3,2 edges. Continuous lines report the best fit of experimental points �open circles�. The XAS
spectrum of sample FeO9 is shown in �b� for both relative orientations of the applied magnetic induction field and photon beam helicity.
XMCD spectra measured with B=2 T are shown in �a� and �c� while XMCD spectra measured at B=5 T are reported in �d�, �e�, and �f�.
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Fig. 2. From multiplet calculations, we know the exact nor-
malizations for Fe2+ and Fe3+ isotropic and XMCD spectra.
This yields the normalization for Fe3O4 and �-Fe2O3, as
plotted in Fig. 2. The normalization for �-Fe is not as
straightforward because multiplet calculations are not so ac-
curate for metals. The 3d shell of iron atoms in �-Fe is
believed to host around 6.5 electrons,28 as in the case of Fe2+.
The integral of the isotropic spectra for �-Feand Fe2+ should
be roughly the same. This sets the normalization of �-Fe
spectra with those of �-Fe2O3 and Fe3O4.

It is evident that the XMCD spectra of the samples in Fig.
1 show the same main features as those reported in Fig. 2 for
spinel oxides. The L3 edge region consists, in fact, of three
different peaks: from lower to higher energy, the first �B1�
and the third one �B2� are negative, while the central peak
�A� is positive. On the contrary, the L2 region is character-
ized by two smaller positive peaks �C1 and C2�. It is well
known that the negative B1 and B2 peaks arise from Fe at-
oms occupying octahedral sites, the magnetic moments of
which are parallel to the applied magnetic field.29–33 Atoms
in tetrahedral sites are antiferromagnetically coupled to octa-
hedral ones and, consequently, their magnetic contribution to
XMCD is positive at the L3 edge �peak A�. Besides, while
both magnetite and maghemite cubic unit cell hosts 8 Fe3+

ions with tetrahedral coordination, the different relative in-
tensities of peaks B1 and B2 in XMCD spectra is due to the
different occupation number of octahedral sites in the two
oxides: in each cubic unit cell, magnetite hosts 8 Fe2+ and 8
Fe3+ cations randomly sharing the octahedral sites, while
only 13.33 Fe3+ ions, on average, are present in
maghemite.32,34–36 At the L2 edge, the contributions from oc-
tahedral and tetrahedral ions reverse in sign and give rise to
peaks C1 and C2.31,32,37 The spectra reported for all samples
and magnetic induction fields in Fig. 1 are qualitatively simi-
lar to those reported18 for isolated Fe-Fe oxide core-shell
nanoparticles at B=0.5 T.

We now qualitatively discuss the XMCD spectra of the
samples. We notice that with an increasing core dimension,
the negative peaks at the L3 edge and the positive peaks at
the L2 edge increase in intensity; moreover, the first negative
peak at the L3 edge increases in amplitude more than the
second one. This can be explained by noting that the XMCD

of �-Fe is characterized by a strong negative peak D �cen-
tered at the same position of peak B1 and partially super-
posed to peak A exhibited by the oxides� and a smaller posi-
tive peak E approximately at the same position of the C1
peak. The change of the intensity of the XMCD features with
core dimensions is thus a consequence of the increase of the
metal content in the sample; a further contribution can be
due to the decrease of the microstrain of the whole system, in
particular, of the oxide matrix. In fact, it has already been
found that the magnetization of the oxide strongly decreases
with an increasing value of the matrix microstrain.10

Comparing the overall amplitude of the sample and refer-
ence XMCD spectra, we note that the former are quite
weaker than the latter. This is not surprising, since it is well
known that nanocrystalline and strained materials generally
exhibit a reduction of saturation magnetization and thus of
the XMCD amplitude because of strong spin canting of the
atoms situated on interfaces and grain boundary regions.38

We note that the XMCD amplitude of the samples increases
with the applied magnetic induction field, indicating that the
magnetization is not saturated below 2 T and at 100 K. Since
it is known that in spinel oxides the amplitude of the dichroic
signal at the L3 edge is roughly proportional to the macro-
scopic magnetization,33 this behavior is expected for these
structurally and magnetically disordered systems.10 Further-
more, the described trend is compatible with previous
SQUID measurements of magnetization performed at the
same value of the applied field.10

In order to estimate the separate magnetic contributions of
�-Fe, Fe3O4, and �-Fe2O3 to the XMCD spectra of the
samples, we performed a fit of the data based on a linear
combination of the three reported reference XMCD signals.
Fitting curves were calculated as

XMCDfit�E� = a1 � XMCD�−Fe�E� + a2 � XMCDFe3O4
�E�

+ a3 � XMCD�−Fe2O3
�E� , �1�

in which the ai coefficients are fitting parameters that quan-
tify the contributions of the ith phase to the overall signal;
best fits, which are shown in Fig. 1 as continuous lines, were
obtained using the least squares method. The values of the ai
coefficients, that are linked to the absolute magnetic contri-
butions of different phases to sample magnetization, are re-
ported in Table II. The quality of the procedure is illustrated
by the good agreement between the fitting curves and the

TABLE II. Results of the fitting of XMCD spectra, obtained as
described in the text.

Sample

Applied
Field
�T�

a1

�-Fe
�10−3�

a2

Fe3O4

�10−3�

a3

�-Fe2O3

�10−3�

FeO5 2 45±2 16±5 107±5

FeO5 5 22±4 128±7 194±7

FeO9 5 53±4 128±8 217±12

FeO13 2 129±4 52±4 207±8

FeO13 5 122±7 198±18 299±13

FIG. 2. Reference XMCD spectra.
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experimental data. However, some words of caution are nec-
essary. When recording XMCD spectra in the TEY mode in
the soft x-ray range spectral distortions due to self-
absorption are possible since the x-ray probe depth, although
always longer, may become comparable to the electron probe
depth, especially near the strong absorption edges. Various
authors39,40 have quantitatively studied the problem. Quanti-
tative studies40 have found that spectral distortions are
weaker in the normal incidence geometry, which is the one
chosen by us in the present investigation. However, some
distortions due to self-absorption may be present, especially
since peaks due to the oxides and to the metal are partially
superposed; a correction for self-absorption distortions ap-
pears quite complicated in the present case, due to the com-
plex morphology of the samples, and was not attempted.
Finally, it should be noted that for the weaker signals some
systematic errors may be introduced by the procedure used in
data treatment and normalization; these errors are probably
larger than the statistical uncertainty of the fit. In conclusion,
while we believe that the decomposition of the XMCD spec-
tra bear a close relation to the contribution of each phase to
the magnetic response, we avoid assigning a precise quanti-
tative meaning to the fitting coefficients.

IV. DISCUSSION

In this paragraph we first discuss the magnetic behavior of
the metal and oxide phases as a function of increasing core
size and applied field and then we analyze in detail the
oxide matrix, focusing on the contributions of Fe3O4 and
�-Fe2O3 and on the different magnetic features of iron atoms
belonging to tetrahedral and octahedral sublattices.

A. Iron and oxide contributions to magnetization

As already pointed out, at a constant applied magnetic
induction field, the contribution of �-Fe to the magnetization

increases with increasing core dimension �see the values re-
ported in Table II�. This behavior is compatible with previ-
ous magnetic measurements9,10 and can be understood as due
to both the enhanced metal content and the decreased struc-
tural disorder.

Comparing now the XMCD spectra of samples FeO5 and
FeO13, which were taken at two values of the applied
field �2 T and 5 T�, we see that the contribution of the oxide
phases increases with the applied field. This shows that in
granular nanostructures the oxide phases achieve magnetic
saturation at considerably higher applied fields than in the
corresponding coarse grained materials �in which a few hun-
dreds mT are sufficient�. This magnetic behavior can be at-
tributed to the large fraction of Fe atoms set in interface
regions and to the extremely high structural disorder of the
matrix. In fact, at temperatures below 125 K, a progressive
freezing of the magnetic moments of oxide grains, in agree-
ment with the known local random distribution of the aniso-
tropy energy barrier,10 is known to occur; we note that the
Fe/FexOy system exhibits a full spin-glass-like behavior at
temperatures below about 20 K.10

In sample FeO13 the value of the a1 coefficient relative to
the Fe core does not change, within the error bars, upon
raising the applied field from 2 to 5 T: the magnetization of
the iron core is saturated at 2 T; this is compatible with
previous results.10 The decrease of the a1 coefficient in
sample FeO5 is unexpected; a possible �maybe partial� ex-
planation for this may lie in the quoted self-absorption spec-
tral distortions.

B. Magnetic properties of the oxide matrix

In order to study the magnetic properties of the oxide
matrix, we have subtracted the previously estimated contri-
bution due to metallic cores from the XMCD signals and raw
isotropic XAS spectra. In Fig. 3 we report the result of this
procedure: the oxide matrix contribution to the XMCD spec-

FIG. 3. Oxide matrix contribution to XMCD spectra. �a� and �c� measurements at B=2 T; �d�, �e�, and �f�: measurements at B=5 T. The
isotropic XAS spectrum of sample FeO9 is reported in �b�.
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tra of all the samples and the oxide matrix contribution to the
isotropic XAS spectrum of sample FeO9 are shown.

An inspection of Fig. 3 shows that the XMCD amplitude
slightly increases with increasing core dimensions, tending
toward the greater amplitude exhibited by the reference
samples. This trend is most probably caused by the decrease
of structural, and consequently magnetic, disorder of the ox-
ide that surrounds larger metal particles.10,11 Spin canting of
the oxide phase has also been observed in isolated Fe-Fe
oxide core shell nanoparticles.18 From Table II, we also no-
tice that it is above all magnetite that increases its magnetic
contribution to XMCD with an increasing applied field; in
fact, the value of the a2 fitting coefficient increases at least
by a factor 4, while a3 hardly doubles its value at B=5 T.
This behavior may be simply attributed to a higher coercivity
for Fe3O4 grains. However, a more complex phenomenon
might be at the origin of this effect. During the fast and
abrupt passivation process, ultrafine magnetite grains grow
directly on the core surface in a disordered way, because of
the extremely high oxidation speed and the lattice mismatch
between oxide and metal. On the contrary, maghemite origi-
nates in a second step, growing on the external surface of the
particle shell, through a further slower oxidation of magne-
tite. The growth process of �-Fe2O3 is mediated by Fe2+

cations and vacancy diffusion41,11 that can give rise to struc-
tural reorganization and a lower degree of structural disorder.
This mechanism could thus result in a smaller spin canting of
maghemite compared to magnetite. Whatever the mechanism
at the base of the higher field necessary to magnetize the
magnetite component, the present result nicely illustrates the
power of XMCD in discriminating the magnetic properties
of different phases in the same sample.

C. Comparison of the magnetic properties of octahedral and
tetrahedral sites in the oxide matrix

In order to compare the dichroic signal originating from
the octahedral and tetrahedral sites in the oxide matrix we
report in Fig. 4 the L3 edge XMCD spectra obtained with a

5 T applied field, normalized to equal height �and almost the
same area� for peak A; we recall that peak A is due to the Fe
ions occupying the tetrahedral sites. In doing so, we followed
the approach developed by Brice-Profeta et al.32,33 In Fig. 4
we also report a reference spectrum obtained as a weighted
linear combination of reference maghemite and magnetite
spectra normalized in the aforesaid manner. The chosen
weights, derived from Table II, are the average magnetic
contributions of the two oxides to the matrix XMCD at B
=5 T, i.e., respectively, 61% and 39%. In Fig. 5 we report
similarly normalized spectra for samples FeO5 and FeO13
obtained for applied fields of 2 and 5 T.

It is clear from Fig. 4 that the spectra of samples FeO9
and FeO13 can be superposed quite well on the reference
spectrum, and differences between negative peak intensities
are within experimental uncertainty. On the contrary, sample
FeO5 has less intense B1 and B2 peaks. This suggests that the
higher structural disorder of sample FeO5 influences, in par-
ticular, spin canting of the octahedral sites. An inspection of
Fig. 5 shows that both the samples FeO5 and FeO13 exhibit
a reduced amplitude of peaks B1 and B2 �compared to peak
A� at an applied magnetic induction field of 2 T. This implies
that the magnetic contribution of Fe atoms belonging to oc-
tahedral sublattice is weakened, if compared to the tetrahe-
dral one, when a less intense external field is applied, in
particular, for the more highly disordered sample FeO5.

These results significantly extend the observation of over-
all spin canting for the oxide matrix reported for isolated

FIG. 4. Oxide matrix contribution to L3 edge XMCD spectra
measured at B=5 T. For comparison, also shown is a reference
signal �40% Fe3O4 and 60% �-Fe2O3�.

FIG. 5. A comparison between L3 edge XMCD spectra mea-
sured at B=5 and 2 T: �a� sample FeO5 and �b� sample FeO13.
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nanoparticles by Fauth et al.,18 since we are able to assign
increased spin disorder preferentially to the octahedral sites.
The same enhanced spin canting of Fe ions in the octahedral
sublattice has been previously observed by XMCD in chemi-
cally synthesized maghemite nanoparticles of 2.7 nm aver-
age dimension33 and has been suggested to be at the origin of
the modifications of the Mössbauer spectrum of ball milled
Fe/Fe3O4 nanocrystalline composite system.42 Despite the
quite clear experimental evidence the origin of this selective
spin canting awaits an explanation.

V. CONCLUSIONS

In conclusion, we have reported Fe L2,3 edge XMCD
measurements of iron/iron oxide granular nanostructures ob-
tained by cold compacting core-shell nanoparticles with core
size in the range between 5–13 nm. Experimental XMCD
spectra were fitted with a linear combination of reference
dichroic signals of �-Fe, Fe3O4, and �-Fe2O3 in order to
discuss the separate magnetic contributions each phase to the
overall magnetization.

As expected, the contribution of metallic iron to XMCD
increases with increasing core dimension and, consequently,
�-Fe content. The contribution of the disordered oxide ma-
trix is found to increase when the applied field goes from 2
to 5 T, indicating that the oxide phases achieve magnetic
saturation at considerably higher applied fields than in the
corresponding coarse grained materials.

To study the magnetic behavior of both the oxides, the
contribution of metallic iron was subtracted from the XMCD
spectra. In this way, we provided evidence for a structural
disorder-driven spin canting that predominantly affects Fe
atoms that occupy octahedral sites. In particular, it was found
that the amplitude of this magnetic disorder increases with
increasing structural disorder and decreases upon the appli-
cation of a stronger magnetic field. At the moment, the cause
of this site specific spin canting is still subject of investiga-
tion.

From a methodological point of view, in this study we
illustrate how XMCD may be used to study properties of
magnetically complex systems. In particular, it is found to be
a suitable tool to study even highly disordered and strained
nanocrystalline solids and to distinguish magnetic contribu-
tions from different phases and crystallographically in-
equivalent sites.
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