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In situ x-ray magnetic circular dichroism �XMCD� measurements by means of total electron-yield detection
have been carried out on mass-filtered Fe nanoparticles with diameters ranging from 6 to 10 nm upon depo-
sition onto Co/W�110�. The shape as well as the crystallographic structure has independently been investigated
by means of high-resolution transmission electron microscopy. An evaluation of the XMCD spectra revealed
bulklike magnetic spin moments but strongly enhanced magnetic orbital moments after correcting for electron-
yield saturation effects. The observed size dependence of the magnetic moments cannot be understood in
simple core shell models where the core is assumed to be bulklike and only the outer shell possesses enhanced
values according to their reduced coordination at the surface. Instead, size-dependent distortions of the crystal
lattice due to surface and interfacial tension as well as mesoscopic relaxations at the surface facets of the
nanoparticles are considered as the origin of the observed large orbital moments.
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I. INTRODUCTION

Clusters and nanoparticles �NPs� are small fragments of
matter that possess unique and size-dependent properties not
known from their atomic constituents or the corresponding
bulk.1 In particular, the remarkable size dependence of the
magnetic properties of small 3d transition-metal clusters has
attracted much attention.2–4 Due to their high surface-to-
volume ratio and the reduced coordination, these particles
show strongly enhanced magnetic moments up to about 500–
1000 atoms per cluster. Similarly, in supported clusters en-
hanced magnetic spin and orbital moments have been
reported.5–10 The existence of giant magnetic anisotropy was
found in the case of small Co clusters supported by Pt�111�.11

From these experiments, one may conclude that larger par-
ticles will generally show almost bulklike magnetic aniso-
tropy and moments. But besides low coordination effects at
the surface of clusters, the inner structure and the shape of
the cluster are also decisive for their magnetic properties.12

When increasing the size of clusters complex structural
phase transitions occur, typically starting from noncrystalline
icosahedral configurations and ending up with the crystalline
structure known from bulk matter.13–15 However, even large
nanoparticles �consisting of several tens of thousand atoms�
can exist in metastable states, e.g., crystallographic structures
being significantly different from the bulk with consequences
to their magnetic properties.12,16 Surface tension may addi-
tionally act on their crystal structure, and thus, on the prop-
erties of the nanoparticles.17 The presence of a substrate may
furthermore modify the structure of the particle via addi-
tional interfacial contact forces.

In this paper, we report on the magnetic spin and orbital
moments of comparably large Fe nanoparticles consisting of
14 000 up to 50 000 atoms. These nanoparticles have been
generated in the gas phase by using an arc cluster-ion source
�ACIS� and subsequently deposited mass-filtered under soft-
landing conditions onto epitaxially ordered ultrathin
Co�0001� films on W�110�.18–20 In order to understand their

magnetic properties, the knowledge of the crystallographic
structure and the shape of the nanoparticles is important as
recently reported.21 Therefore, this study combines �i� a
structural analysis via high-resolution transmission electron
microscopy �HRTEM� and �ii� a magnetic analysis using
x-ray absorption spectroscopy �XAS� and x-ray magnetic cir-
cular dichroism �XMCD� in the vicinity of the Fe L2,3 edges.

XMCD is a powerful tool that enables element-specific
determination of magnetic spin and orbital moments, sepa-
rately, by means of magneto-optical sum rules.22,23 However,
from thin-film studies it is well known that total electron-
yield �TEY� detection suffers from electron-yield saturation
effects when the penetration depth of the incoming x rays
becomes small relative to the finite escape length of the ex-
cited electrons.24 As a result, magnetic moments obtained
from sum-rule analysis of TEY measurements are generally
underestimated. Additionally, a distinct surface sensitivity re-
sults from the finite escape depth. In the case of plane sur-
faces or thin films, the influence of saturation effects can
easily be corrected.25,26 Electron-yield saturation in respec-
tive experiments on supported nanoparticles has recently
been studied by Monte Carlo simulations, and it turned out
that it requires attention for particles being larger than about
3 nm.27 Accordingly, we have performed corresponding cal-
culations for Fe particles over a wide size range with particu-
lar emphasis on the surface sensitivity of the TEY signal.
Based on these calculations our experimental findings on the
magnetic spin and orbital moments are analyzed and dis-
cussed.

This paper is organized as follows. In Sec. II we describe
the experimental setup for sample preparation and the
XMCD investigations. Additionally, we briefly discuss the
properties of the Co�0001�/W�110� substrates as far as it is
relevant for this work; details regarding Fe�110� films on
W�110� are given in previous publications.28,29 The shape
and structure of the Fe nanoparticles are discussed on the
basis of independent HRTEM investigations in Sec. III.
XMCD spectroscopy has been described many times and
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thus we refer to the literature �for an overview, see Refs. 22,
30, and 31�. In the following, a detailed analysis of the ab-
sorption spectra, TEY-induced saturation, and escape depth
effects as well as a simulation of the Fe nanoparticle absorp-
tion spectra is presented. Finally, using the obtained correc-
tion factors, the magnetic spin and orbital moments of mass-
filtered Fe nanoparticles on Co films are shown and
discussed with respect to theoretical data and recent experi-
mental findings.

II. EXPERIMENTAL DETAILS

Fe nanoparticles have been generated using a home-built
arc cluster-ion source.18 The ACIS is designed to provide a
high flux of mass-filtered metallic pure or alloy nanoparticles
with diameters between 4 and 15 nm.19,20 A large fraction of
the particles being preformed in the gas phase is singly
charged. An electrostatic quadrupole enables the separation
of mass-filtered clusters from the beam originally having a
broad size distribution. Respective ensembles of mass-
filtered particles show a narrow size distribution with
�D /D�0.12, where D is the mean particle diameter and �D
represents the width of a fitted Gaussian distribution.32 The
ACIS allows for in situ deposition under soft-landing condi-
tions with the kinetic energy of the particles being smaller
than 0.1 eV/atom. In the present experiments mass-filtered
Fe nanoparticles have been deposited onto epitaxially grown
ultrathin hcp�0001� Co films on W�110�. The particle density
on the samples has been chosen low enough to avoid ag-
glomeration and allowing for investigations on an ensemble
of individual nanoparticles. The Co films provide a well-
defined and atomically flat support for the nanoparticles; the
exchange field at the interface allows for a remanent align-
ment of the magnetic moments of the nanoparticles.33 The
uniaxial in-plane anisotropy of the films enables a well-
controlled magnetization along the magnetic easy axis being

parallel to the W�11̄0� direction �cf. Fig. 1�.34,35

The W�110� substrates have been cleaned by cycles of
heating in oxygen atmosphere as described in the
literature.36,37 Co�0001� films with a thickness of about 13
monolayers �MLs� were prepared by means of electron-beam
evaporation at room temperature with a rate of about 0.7
atomic MLs per minute. Atomically flat film surfaces were
obtained after annealing the films at 370 K for several
minutes.37 The cleanliness and quality of the substrate and

film surfaces have been checked by means of low-energy
electron diffraction. During the preparation, the base pres-
sure did not exceed 5�10−10 mbar. During the nanoparticle
deposition, however, the pressure in the preparation chamber
temporarily increased up to 1�10−6 mbar due to the high
amount of rare gases �Ar or He� being involved in the cluster
generation and rapidly decreased after the deposition.
Fe�110� films on W�110�, which have been used for compar-
ing the absorption data, have been prepared similar to the Co
films, details are given in Refs. 28 and 29 and references
therein.

The XMCD experiments were carried out at the undulator
beamline UE56/1 PGM at the electron storage ring BESSY
�Berlin�. We may note that in a previous experiment on Co/
W�110�, the limited photon flux and x-ray beam stability did
not allow us to determine the spin and orbital moments,
separately, from the photoabsorption spectra.33 With a re-
vised experimental setup at the undulator beamline, spectra
have been measured at a fixed helicity while switching the
magnetization of the samples. Accordingly, the improved
data quality enabled us to obtain the spin and orbital mo-
ments separately and also provided a more reliable determi-
nation of the orbital to spin moment ratio when compared to
Ref. 33. The degree of circular polarization was Pc�0.9 in
the required energy range of 690–815 eV. The radiation im-
pinged at an angle of 30° with respect to the sample surface.
The sample was oriented with the easy magnetization axis
parallel to the plane of incidence. For the XMCD spectra a
short magnetic field pulse of about 100 mT has been applied
in order to switch the magnetization of the samples at each
photon energy. X-ray absorption spectra were recorded in
remanence by means of total electron-yield detection. The
spot size was about 200�200 �m2. All experiments have
been carried out at room temperature.

III. SHAPE AND ATOMIC STRUCTURE OF Fe
NANOPARTICLES

The shape and structure of Fe nanoparticles have been
investigated independently by means of HRTEM. Images of
two different Fe nanoparticles embedded in an aluminum
matrix are shown in the upper panels of Fig. 2. The particle
diameters D are about 13 nm in �a� and 7.5 nm in �b�. Quan-
titative analysis of the images reveals, in both cases, pure Fe
with a lattice constant of 2.87 Å. Atomically resolved areas
are marked by white frames and depicted enlarged in the
insets. The atomic planes visible in the inset of Fig. 2�a�
correspond to �110� planes of the bcc Fe lattice. The particle
is thus oriented with a �001� axis parallel to the electron
beam. In Fig. 2�b� the crystal lattice is aligned with the �112�
axis perpendicular to the paper plane.

The edges and vertices being visible in Fig. 2�a� account
for a truncated rhombic dodecahedron showing 12 quasihex-
agonal �110� and 6 quadratic �001� facets. Corresponding
contours of the particles in Figs. 2�a� and 2�b� are outlined
by white lines in panels �c� and �d�, the black circles mark
equivalent positions and serve as a guide for the eyes. The
shape as well as the atomic structure of nanoparticles may, in
general, deviate from its energetically favorable configura-
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FIG. 1. �Color online� Experimental setup for the XMCD ex-
periments. Circularly polarized synchrotron radiation impinged at
an angle of 30°. External magnetic field pulses were applied along
the magnetic easy axis of the sample being in the scattering plane.
Absorption spectra have been recorded by means of total electron
detection.
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tion due to kinetic barriers in the cluster formation
process.13,38,39 However, the same shape has been reported
by Vystavel et al. after deposition of Fe nanoparticles onto
carbon films and in situ annealing under high-vacuum con-
ditions in Ref. 40. In the following we will assume that the
Fe nanoparticles generated by the ACIS are close to the ther-
modynamic equilibrium state being predicted by Wulff’s
theorem.41 Indication for partial flattening has been found
upon deposition of the iron nanoparticles onto the bare
W�110� surface and is ascribed to the higher surface energy
of tungsten relative to iron.21 However, due to the nearly
identical surface energy of Fe and Co and kinetic barriers
hindering significant material transport at room temperature,
we expect that the nanoparticle shape is almost preserved or
only slightly modified upon deposition onto the Co films on
W�110�.42

IV. X-RAY ABSORPTION SPECTRA AND DATA ANALYSIS

Total electron-yield spectra of a sample with mass-filtered
Fe nanoparticles with D=7.6�1.5 nm on top of a 13 ML
Co film are shown in Fig. 3. The given energy range covers
the L2,3 edges of both elements, Fe as well as Co. Dashed red
and solid black lines depict spectra recorded with opposite
sample magnetization �denoted as Y+ and Y−, respectively�.
The present intensity difference �XMCD� hints toward mag-
netic saturation of the sample in remanence as confirmed by
the sum-rule application below. On the left-hand side of Fig.
3, the absorption intensity recorded at the Fe L2,3 edges �at
705 and 718 eV� is much smaller when compared to the Co
film �at 775 and 790 eV�, reflecting the comparably low Fe
particle density on the sample. The Fe features are shown
enlarged in the inset. After subtracting the separately re-
corded background spectra Yb �solid gray lines�, the edge

jump ratio evaluates to hCo /hFe�30. From the known Co
film thickness of about 13 ML, an equivalent Fe thickness of
0.4 ML can be estimated. Assuming a spherical shape of the
Fe particles with D=7.6 nm and bulklike atomic density,
this results in a coverage of about 200 particles per �m2, in
agreement with independent deposition experiments.43 The
corresponding mean cluster-cluster distance is about 80 nm
and thus allows for investigations on ensembles of individual
particles.

A quantitative analysis of x-ray absorption spectra has
been carried out as outlined by Chen et al.31 The left panel of
Fig. 4 shows the isotropic photoabsorption spectrum of the
nanoparticles given by Y0=Y++Y− �dashed red lines�. This
total electron yield is displayed together with absorption
spectra �0=�++�− of a 13 ML Fe film on W�110� �solid
black lines�. The latter are TEY data corrected for saturation
effects. In a previous study it was found that similar films
show almost bulklike isotropic spectra.35 Thus, the corrected
film data in the left panel of Fig. 4 may serve as bulklike
reference spectrum. The comparison yields a significantly
reduced L3 peak of the nanoparticle spectra with respect to
the Fe film data. In the present size regime such a decrease
can barely be ascribed to an altered occupation of the 3d
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FIG. 2. Top: HRTEM images of two different Fe nanoparticles
being embedded in an Al matrix. The particles have diameters D of
about 13 nm in �a� and 7.5 nm in �b�. Atomically resolved areas
marked by the white frames are enlarged in the insets. Bottom: the
same particles together with the corresponding contours of their
shape are given in �c� and �d�, respectively.

FIG. 3. �Color online� X-ray absorption spectra in the vicinity of
the L2,3 edges of Fe nanoparticles with D=7.6�1.5 nm deposited
on Co�0001� films with a thickness of about 13 ML. The Fe spectra
are enlarged in the inset.

FIG. 4. �Color online� Left: isotropic spectrum of Fe nanopar-
ticles �Y++Y−� recorded by means of TEY and an Fe film spectrum
after correction of saturation effects ��++�−�. Right: corresponding
difference spectra.
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states relative to bulk iron, cf. also Ref. 44. Instead, we will
show below that the apparently reduced peak intensity is
caused by the saturation effects in the total electron-yield
detection.26,27

The right panel of Fig. 4 depicts the corresponding differ-
ence spectra Y+−Y− and �+−�−, respectively, containing the
magnetic information. Both data sets are corrected for the
finite degree of circular polarization and the angle of 30°
between the magnetization and the propagation axis of the
radiation. For single crystalline samples the application of
the orbital sum rule yields in general anisotropic orbital mo-
ments when the magnetization is oriented along distinct
directions.45,46 The magnetic orbital moment is largest when
aligning the magnetization parallel to the magnetic easy
axis.46,47 Similarly, the anisotropic spin density enters the
analysis via the so-called dipole term mT. As a consequence
the effective spin moment mspin

eff =mspin+7mT is obtained
when applying the spin sum rule.30,46,48 In the case of Fe the
dipole term contribution 7mT is of the order of 0.1–0.2�B
and leads to a respective enhancement mspin

eff when the mag-
netization is pointing along the magnetic easy axis.49 For Fe
films epitaxially grown on W�110� a sizeable strain- and
interface-induced magnetocrystalline anisotropy is well
known.50,51 Accordingly, we obtain an effective spin moment
of mspin

eff = �2.11�0.03��B and an orbital moment of morb
= �0.14�0.01��B with the magnetization parallel to the mag-

netic easy axis �being parallel to W�11̄0��.52 Both values are
enhanced when compared to the isotropic bulk values, cf.
Table I. In contrast, the nanoparticle spectra reveal almost
bulklike values for the spin and orbital moments as given in
Table I. This might partially be due to the presumed random
orientation of the particles resulting in a vanishing contribu-
tion of the dipole term and the averaging of the orbital mo-
ments. However, we will show that saturation effects in the
TEY spectra of particles in the present size regime lead to a
significant reduction in the magnetic orbital moments when
applying the sum rule.

V. SIMULATION OF TEY SPECTRA OF DEPOSITED
NANOPARTICLES

In total electron-yield experiments it is assumed that the
intensity of the detected drain current is proportional to the
absorption coefficient of the sample under investigation.
However, saturation effects may lead to significant devia-
tions of the measured signal when compared to the actual
photoabsorption cross section.26,27 In the case of thin film or
bulk samples analytic descriptions of the TEY are available

that can be used for appropriate corrections. Additionally, the
finite escape depth �e of the excited electrons plays an im-
portant role when investigating nanoparticles with diameters
being larger than or comparable to �e. In these cases the
inherent surface sensitivity of the TEY measurements deter-
mines the fraction of the atoms that are probed in the experi-
ment.

In previous simulations on the TEY of deposited Co nano-
particles it was shown that electron-yield saturation effects
result in a significant reduction in the measured magnetic
orbital moment for particles with D�3 nm.27 At the same
time the magnetic spin moments are also affected and show
slightly reduced values. However, Fe possesses larger ab-
sorption coefficients at the L edges when compared to Co.
Moreover, the effective electron escape depth in TEY experi-
ments is noticeably smaller for Fe ��e

Fe=1.7 nm� relative to
that of Co ��e

Co=2.5 nm�.26 Accordingly, the results of Ref.
27 cannot be directly transferred to Fe nanoparticles. Respec-
tive calculations are presented below.

A. TEY of deposited nanoparticles

Simulations of the TEY have been carried out for spheri-
cal Fe nanoparticles with diameters over a wide range. The
total electron yield Y of a nanoparticle is given by

Y�E� � �
V

��E�I�E,r�W�r�dV , �1�

where ��E� is the photon energy-dependent absorption coef-
ficient, I�E ,r� is the local radiation intensity, and W�r� is the
probability of detecting an electron being excited at position
r within the nanoparticle. The integration is carried out over
the particle volume V. For these calculations the bulklike
�corrected� absorption coefficients ��E� of the Fe film on
W�110�, cf. Fig. 4, have been used as well as perpendicularly
incident x rays have been assumed. For two particles with
diameters of 12 and 6 nm, the local radiation intensity and
the probability of electron emission as determined from the
simulations are shown in Fig. 5. Details of the calculation are
presented in the Appendix.

The radiation intensity distribution I�E ,r� within the par-
ticles is calculated for the photon energy being set to the
Fe L3 peak. The gray level legend at the bottom denotes the
intensity relative to the incoming radiation, and thus brighter
levels correspond to higher intensities. The attenuation
length ��20 nm� is not limiting the information depth of the
experiment. The right column of Fig. 5 illustrates the prob-
ability W�r� to detect an electron that has been generated at r
�lighter gray tones correspond to higher probability as stated
in the legend below�. The probability to detect an excited
electron in a TEY measurement is determined by two factors.
�i� The probability that an electron may leave the particle
along a certain linear trajectory is damped exponentially with
a characteristic scattering length. �ii� Without the presence of
a substrate the probability of detecting an electron only de-
pends on the distance between the particle center and the
excitation point of the electrons motion. Thus W�r� would be
isotropic with the smallest value in the particle center while
electrons from the surface would contribute with W�r�=1 to

TABLE I. Effective magnetic spin moments mspin
eff and orbital

moments morb of Fe NPs, an Fe film on W�110� �corrected for
saturation effects�, and Fe bulk.

7.6 nm NP
�uncorrected�

13 ML Fe/W�110�
�corrected� Bulk

mspin
eff ��B� 2.05�0.06 2.11�0.03 1.98

morb��B� 0.09�0.02 0.14�0.01 0.085
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the detected TEY. In the experiments presented here, the par-
ticles are deposited onto a substrate, which absorbs electrons
scattered into the lower half space, and the isotropic symme-
try of W�r� of a free particle is reduced. In the right column
of Fig. 5, the substrate-induced anisotropy of W�r� is visible
in both particles. As a consequence, even electrons generated
in the topmost part of the particle are only detected with a
probability of W�r�=0.5.

From the right column of Fig. 5, it is also obvious that the
finite scattering length may result in a noticeable surface sen-
sitivity when detecting the TEY of a nanoparticle. In the case
of a nanoparticle with D=12 nm a large fraction of the vol-
ume is hardly probed �W�r� close to 0�; the smaller particle,
on the other hand, is more homogeneously probed with
W�r��0.25 in nearly the whole volume. The effect of satu-
ration on TEY spectra of particles with D=7.6 nm is dem-
onstrated in Fig. 6. Analogously to Fig. 4�a�, the left panel
shows the experimentally obtained isotropic spectra �Y+

+Y−� �dashed red line� together with the corrected Fe film
data �solid black line�. The right panel of Fig. 6 depicts the
respective simulated TEY spectra with the same film data
and reveals a good agreement of experiment and simulation,
particularly in the vicinity of the L3 edge, cf. the insets.

B. Correction factors for orbital and spin moments

By applying the sum rules on simulated TEY spectra we
obtain the size-dependent magnetic spin and orbital moments
mspin

eff,TEY and morb
TEY, respectively. The ratio of these moments

and the moments mspin
eff,� and morb

� determined from the cor-
rected data is shown in Fig. 7 by solid black and open red
circles, respectively. In the range from 6 to 10 nm being of
interest in the present work the values of morb

TEY are reduced
by a factor of 2 when compared to morb

� . The spin moments
mspin

eff,TEY show only a small decrease to about 95% of mspin
eff,�.

The orbital moment determined from TEY spectra decreases
further with increasing particle diameter and will show even
negative values �not shown here�. A similar behavior was

also reported in the case of thin films in Ref. 26. Note that
the ratios for the orbital moments presented in Fig. 7 may
vary within about 10% for particles with diameters up to 10
nm when using different data sets �e.g., from a polycrystal-
line Fe film� in the calculation. The ratio for the spin moment
is only slightly affected.

A small angular dependence of the correction factors has
been observed by Fauth in Ref. 27, showing that the influ-
ence of saturation effects on the spin and orbital moments is
slightly larger in grazing incidence. Since our experimental
data have been recorded with a grazing angle of incidence
being 30°, our calculations will slightly underestimate the
effect of saturation.

0

0

FIG. 6. �Color online� Left: experimentally determined isotropic
spectra of Fe nanoparticles with D=7.6�1.5 nm together with the
corrected Fe film data �solid black line�. Right: simulated total
electron-yield spectra of spherical nanoparticles �red dashed line�
based on the corrected Fe film data �solid black line�.

FIG. 7. �Color online� Size-dependent ratio of magnetic spin
�solid black circles� and orbital moments �open red circles� deter-
mined from simulated TEY spectra of spherical Fe nanoparticles
with diameter D and the respective moments obtained from the
�corrected� absorption coefficients. Lines serve as a guide for the
eyes.
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FIG. 5. Light intensity distribution �left� and probability of elec-
tron emission �right� of two spherical Fe nanoparticles. The upper
�lower� particle has a diameter of 12 nm �6 nm�. Bright gray tones
denote high and dark ones denote low values as indicated.

SIZE-DEPENDENT MAGNETIC SPIN AND ORBITAL… PHYSICAL REVIEW B 79, 125423 �2009�

125423-5



VI. SIZE DEPENDENCE OF MAGNETIC SPIN AND
ORBITAL MOMENTS

After discussing the simulations in Sec. V we now focus
on the experimental data. In Fig. 8 magnetic spin and orbital
moments of Fe nanoparticle ensembles are shown �solid
black circles� for three different sizes: D=6.1�0.5 nm, D
=7.6�1.5 nm, and D=9.6�1.5 nm supported on Co/
W�110�. The left panels depict the magnetic moments as ob-
tained by analyzing uncorrected experimental TEY spectra.
The magnetic spin moments �upper-left panel� show values
close to the Fe bulk �dotted gray line� without a noticeable
size dependence. In contrast the orbital moments �lower-left
panel of Fig. 8� display a significant increase with decreasing
particle size. Only the ensemble of the smallest particles
shows a significantly enhanced magnetic orbital moment
when compared to the corresponding bulk orbital moment,
the largest particles even show slightly reduced orbital mo-
ments.

After correcting for the influence of electron-yield satura-
tion effects �right panels of Fig. 8�, the resulting spin mo-
ments �upper panel� are slightly enhanced when compared to
the bulk value. At the same time the magnetic orbital mo-
ments �lower-right panel� are almost two times larger when
compared to the initial �uncorrected� data or the respective
bulk value. The increase in morb with decreasing particle size
is conserved. The magnitude of the orbital moments is com-
parable to those found for much smaller Fe nanoparticles
with diameters between 1 and 3 nm.5,53 Fe clusters of this

size consist of 200–700 atoms and thus possess a significant
larger fraction of surface atoms when compared to the large
nanoparticles in the present work. Since it is generally as-
sumed that the enhancement of the magnetic moments scales
with the fraction of surface atoms, the orbital moments in
Fig. 8 appear surprisingly large.

Therefore, the data are compared to a respective core shell
model based on bulklike moments in the particle volume and
enhanced spin and orbital moments at the particle surface.
For the latter theoretically obtained values being reported for
the bcc bulk Fe surface are used, i.e., a spin moment of
3.0�B and an orbital moment of 0.2�B per atom �cf. Ref. 54
and references therein�.55 The smaller differences found for
the �001� and the �110� surfaces are neglected here. Taking
further into account the above-determined particle shape,
size-dependent average spin and orbital moments are ob-
tained as depicted by the red curves in the upper- and lower-
right panels of Fig. 8, respectively. The resulting spin mo-
ments are in agreement with the experimental data. However,
the experimentally determined orbital moments are indeed
still much larger than predicted by this simple model.

One explanation might be the enhanced surface sensitivity
of TEY measurements. Assuming a surface shell of 0.2 nm,
Eq. �1� yields the size-dependent surface contribution
TEYsurf to the total signal TEYtot. The resulting ratios
TEYsurf /TEYtot are compared to the ratios of the correspond-
ing volume contributions Vsurf /Vtot in Table II. The surface
contribution is overestimated in the TEY signal for the larger
particles. For example, in the case of the 9.6 nm the surface
shell contributes with 19% to the total TEY signal while it
represents only 12% of the total particle volume. The surface
sensitivity drops quite rapidly with decreasing particle size.
For the smallest particles with D=6.0 nm the surface con-
tribution to the TEY with 24% is only slightly larger than the
respective surface shell contribution of 19% to the total par-
ticle volume.

Using the values given in Table II we can calculate the
magnetic moments being required at the particle surface in
order to explain the observed magnetic moments. Assuming
bulklike properties in the particle volume the analysis reveals
magnetic spin moments of about �3.0�B per atom at the
particle surface, in good agreement with theory. For the sur-
face orbital moments we find values between �0.4�B per
atom for the largest and �0.6�B per atom for the smallest
particles, clearly much larger than expected by theory. Or-
bital moments of this magnitude have been estimated for
atoms at the edges of Fe nanostructures on Cu�111� and
Au�111�, respectively.6,56 However, it seems unlikely that all
surface atoms of the present nanoparticles have a similar low
coordination even when incomplete surface facets may

FIG. 8. �Color online� Size dependence of experimentally ob-
tained magnetic spin mspin

eff �top panels� and orbital moments morb

�panels at the bottom� of Fe nanoparticles after deposition onto
Co/W�110�. Left panels: evaluation from uncorrected TEY spectra;
right side: after correcting for saturation effects. The corresponding
Fe bulk values are indicated as dotted lines. The red lines depict
model calculations assuming bulk and surface magnetic moments
known from theoretical work on bulk iron.

TABLE II. Comparison of surface layer to volume contribution
and the corresponding TEY contributions.

Particle diameter D
�nm� 6.0 7.6 9.6

Vsurf /Vtot 0.19 0.15 0.12

TEYsurf /TEYtot 0.24 0.21 0.19
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greatly enhance the number of edge and vertex atoms. In-
stead, we believe that size-dependent strain in the nanopar-
ticles modifies also the magnetic properties in the particle
volume.

From thin films it is well known that strain �e.g., induced
by misfit with respect to the substrate� can significantly alter
their magnetic properties. In particular, strain can break the
symmetry of the film lattice resulting, for instance, in tetrag-
onal distortions as observed in Fe films on Pd�001�.57 The
reduced symmetry may lead to a rise of the orbital moment
being quenched in bcc lattice of bulk iron. Indeed, large
magnetic orbital moments—being more than twice as large
when compared to the bulk value—have been found by
means of XMCD for the above mentioned body-centered-
tetragonal �bct� iron films.58,59 Remarkable strain may also
be present in supported nanoparticles due to surface tension
and the contact to the substrate.17,60 Accordingly, a complex
strain profile has recently been observed in a Pb nanoparticle
by means of coherent x-ray diffraction.61 The interfacial con-
tact forces are determined by respective interface and surface
energies of the system as well as by defects, step edges, and
defects in the vicinity of the particles. If epitaxial order is
possible at the interface, strain due to lattice mismatch has
also to be taken into account, similar to islands or thin films
grown by molecular-beam epitaxy on single crystalline sub-
strates. Mesoscopic relaxations at the particle surface may
additionally modify the magnetic properties.62,63 A signifi-
cant influence of the substrate and capping on the magnetic
moments and magnetic anisotropy of supported nanopar-
ticles in the present size regime has also been found in other
experiments.29,64–66 Finally, one may assume that all of the
above mentioned phenomena are size-dependent and their
impact on the magnetic properties will decrease with increas-
ing particle size, similar to our observations on the magnetic
orbital moments.

VII. CONCLUSION

Magnetic spin and orbital moments of mass-filtered Fe
nanoparticles have been investigated by in situ performed
XMCD measurements upon deposition onto hcp�0001� Co
films on W�110�. The presence of electron-yield saturation
effects in the TEY spectra has been discussed and corrected
based on respective numerical simulations. XMCD sum-rule
analysis revealed bulklike spin moments but strongly en-
hanced magnetic orbital moments. HRTEM images yielded
information on the shape and the crystallographic structure
of the nanoparticles. Considering theoretical results on sur-
face magnetism, we calculated the corresponding size depen-
dence of the magnetic spin and orbital moments of the bcc
nanoparticles with �001� and �110� surface facets. Even when
taking into account the well-known enhancement of the mag-
netic moments at surfaces and the enhanced surface sensitiv-
ity when employing TEY detection, the calculated values
cannot explain our experimental findings. Based on that, we
conclude that the enhancement of the magnetic orbital mo-
ments may not be restricted to the outermost layer of the
particles. Instead, we suppose that surface- and interface-
induced strains break the cubic symmetry of the bcc lattice,

resulting in a recovery of the orbital moment even within the
particles. Mesoscopic relaxation effects at the surface facets
could additionally lead to a remarkable distortion of the lat-
tice in the first outermost layers.
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APPENDIX: ON THE CALCULATION OF THE TOTAL
ELECTRON YIELD OF A SUPPORTED

NANOPARTICLE

The electron yield dY�E ,r� generated in the volume dV at
site r of a particle is given by the product

dY�E,r� = G��E�I�E,r�W�r�dV , �A1�

where G is the number of secondary electrons generated by
one photon, ��E� is the linear absorption coefficient, I�E ,r�
is the local radiation intensity, and W�r� is the probability
that an electron excited at r is detected in a TEY
experiment.26,27 Both the calculation of I�E ,r� and W�r� re-
quires one to compute the distance from site r along any path
s toward the boundary R of the particle with the radius R.
Using spherical coordinates with the origin in the center of
the sphere as depicted in the left part of Fig. 9, we can write

s�s,�s,	s� = R�R,�R,	R� − r�r,�r,	r� �A2�

and obtain the path length s as

s = �r2f2 − r2 + R2 − rf , �A3�

with f being

�

�
r

x

y

z

s

R

FIG. 9. Left: sketch of the vectors R, r, and s in a nanosphere
that obey R=r+s. Right: deviation from a linear relation between Y
and � for four different particle sizes according to Eq. �A7�.
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f = �sin 	r sin 	s + cos 	r cos 	s�sin �s sin �r

+ cos �s cos �r. �A4�

The local x-ray intensity in the particle I�E ,r� is then given
by the Lambert-Beer law as

I�E,r� = I0 exp�− s���E�� , �A5�

with I0 being the incident intensity. The respective path
length s� of the radiation is calculated using Eqs. �A3� and
�A4� for photons impinging at �s� and 	s�.

In order to calculate W�r� we assume that the probability
for an electron to leave the particle decreases exponentially
with the distance of its excitation point to the surface.24 Us-
ing a scattering length 
e the escape probability of one elec-
tron along a certain direction is then given by exp�−s /
e�
with s being the respective path length. In a total electron-
yield experiment many electrons contribute to the signal. The
isotropic nature of an Auger decay and the subsequent sec-
ondary electron excitation require then to average the escape
probability over any emission angle �s and 	s. Taking into
account that only electrons escaping in the upper half sphere
contribute to the TEY of supported nanoparticles, we can
write

W�r� =
1

4�
�

0

2� �
0

�/2

exp�− s/
e�sin �s d�s d	s. �A6�

Finally, we obtain the total electron yield by integrating Eq.
�A1� over the particle volume,

Y�E� = G��E��
0

2� �
0

� �
0

R

I�E,r�W�r�r2 sin �r dr d�r d	r.

�A7�

For the calculations presented in Sec. V �and in the right
part of Fig. 9� we assumed perpendicularly incident light
�s�=0 and a constant conversion efficiency G=1. The experi-
mentally observed effective escape depth of planar iron
samples ��e=1.7 nm� is reproduced in respective simula-
tions by using 
e=1.67�e. Accordingly, the scattering length
has been set to 
e=2.84 nm. The integrals have been evalu-
ated numerically using an adaptive quadrature method and
have been validated by means of Monte Carlo simulations
similar to those described in Ref. 27.

The electron-yield saturation effects are given by the in-
tegral term in Eq. �A7�. The right part of Fig. 9 shows the
resulting ratio Y /� for iron nanospheres with different diam-
eters being normalized to 1 in the limit �→0 �cf. Ref. 27�.
The considered range of � covers the L edges of iron.
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