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X-ray absorption and magnetic circular dichroism spectra at both the Fe and Pt L3;2 edges were
measured on wet-chemically synthesized monodisperse Fe50Pt50 particles with a mean diameter of 6.3 nm
before and after complete removal of the organic ligands and the oxide shell covering the particles by soft
hydrogen plasma resulting in a pure metallic state. After thermal treatment of the metallic particles, the
coercive field increased by a factor of 6, the orbital magnetic moment at the Fe site increased by 330% and
is reduced at the Pt site by 30%, while the effective spin moments did not change. A decrease of the
frequency of oscillations in the extended x-ray absorption fine structure at the Pt L3;2 edges provides
evidence for crystallographic changes towards the L10 phase.
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The magnetic properties of nanoparticles with diameters
<7 nm may differ from those of the corresponding bulk
materials due to finite size effects, different crystal struc-
tures, and large surface contributions. Microscopic quan-
tities like the orbital and spin magnetic moments are
expected to reflect changes in crystal and electronic struc-
ture in a very sensitive way. In the case of bimetallic alloys
like FePt, also the differences in composition at the surface
and in the volume may lead to characteristic changes of the
magnetic moments in Fe and Pt in a nanoparticle. From the
technological perspective, FePt has become one of the
most intensely researched nanostructured materials (see,
e.g., [1–6]), since its large magnetic anisotropy of Keff �
6� 106 J=m3 [7,8] and associated large coercivity makes
it the prime candidate for new ultrahigh density magnetic
storage media or biomedical applications [6]. Organo-
metallic synthesis of FePt nanoparticles with subsequent
heat treatment has been tried as an inexpensive route to
obtain L10 ordered FePt particles with diameters around
4 nm [7]. Later analysis, however, has unambiguously
shown that the thermal treatment led to agglomerated large
crystals [9]. Here, we focus on the determination of the Fe
and Pt magnetic moments in nonagglomerated wet-
chemically synthesized FePt particles. The changes from
the as prepared ligand covered state, over the pure metallic
chemically disordered fcc state without a ligand shell, to a

partially chemically ordered fct state after annealing are
examined. At all stages the size distribution of the particles
was monitored by high-resolution scanning electron mi-
croscopy (SEM). Specifically, we demonstrate the follow-
ing: (i) pure metallic 6 nm Fe50Pt50 particles self-
assembled on a Si wafer can be derived from the wet-
chemical synthesis after a soft hydrogen plasma treatment;
(ii) subsequent annealing at 600 �C yields structurally
modified nanoparticles and a dramatic enhancement
(330%) of the orbital magnetic moment �l at the Fe site
while �l at the Pt site is slightly reduced and the effective
spin magnetic moments remain unchanged after annealing;
(iii) the structural transformation after annealing is evi-
denced by the lower frequency of the extended x-ray
absorption fine structure (EXAFS) oscillations. In addition,
the increase of the coercive field after thermal treatment
indicates the partial formation of the chemically ordered
L10 state.

The as prepared sample consists of monodisperse nano-
particles with a mean diameter of d � 6:3 nm and a stan-
dard deviation of � � 0:9 nm of a chemically disordered
Fe50Pt50 alloy surrounded by a ligand shell of oleyl amine
and oleic acid. The particles, suspended in hexane, were
deposited by spin coating onto a naturally oxidized Si
substrate to form a monolayer. SEM images show a cover-
age of 10% on a 5� 10 mm2 area and the formation of
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monolayer islands of about 2� 104 nm2 consisting of
hexagonally arranged particles with a mean center-to-
center distance dcc � 9 nm.

For the determination of the element specific magnetic
moments, x-ray absorption spectroscopy (XAS) spectra of
the identical sample of photon energy were taken at the Fe
L3;2 and Pt L3;2 edges in the total electron yield (TEY)
mode at the PM-3 bending magnet beam line of the
BESSY II synchrotron facility in Berlin, Germany, in fields
of�2:8 T and in the hard x-ray regime in the fluorescence
yield mode at the undulator beam line ID12 of the ESRF in
Grenoble, France, in fields of �0:6 T. After each scan,
either the magnetic field or the polarization of the x rays
was flipped.

Figure 1 shows the normalized XAS, the corresponding
x-ray magnetic circular dichroism (XMCD), and the inte-
grated XMCD signal at the Fe and Pt L3;2 edges in the
hydrogen plasma treated and annealed states of the parti-
cles. To separate the electron excitations to unoccupied d
states from those to the continuum, a standard two-step-
like function is subtracted in the case of the spectra at
the Fe L3;2 edges [10]. Since the error in performing such
a separation for the Pt L3;2 edges is large due to the not
well pronounced absorption peaks, the adjusted isotropic
absorption spectra of Au were subtracted instead [11].
The XAS of the sample in the as prepared state at the
Fe L3;2 edges showed that the ligand shell does not pro-
tect the surface of the particles from oxidation, confirm-
ing previous results [12,13]. After the sample was exposed
to a soft hydrogen plasma at room temperature and a
pressure of 5 Pa, pure metallic XAS at the Fe L3;2 edges
was obtained [Fig. 1(a)]. At the carbon K edge, no absorp-
tion peaks were observed, since the hydrogen plasma does
not only reduce Fe oxides but also removes the organic
ligands as is also known for reactive oxygen plasma
[14,15].

SEM images reveal that the number and the arrangement
of particles have not changed within the error bars with

respect to the as prepared state. In order to achieve the
chemically ordered phase, the plasma treated particles
have been annealed in hydrogen atmosphere of 5 Pa for
30 min at 600 �C. At this temperature the disorder-order
transformation in FePt nanostructures takes place (see,
e.g., [7,16–19]). Since the hard magnetic, chemically or-
dered L10 phase is known to have a large coercivity
[13,20,21], element specific magnetization curves [22] at
the Fe L3 edge were measured to provide evidence for the
formation of the L10 state. The normalized dichroic signal
at T � 15 K as a function of the external magnetic field is
shown for perpendicular and grazing incidence, i.e., for
magnetization parallel to the normal of the sample plane
(� � 0�) and � � 75� (Fig. 2). The signals are normalized
to the white line absorption. Before thermal treatment, the
coercive field is �0Hc � 36� 5 mT, and the magnetiza-
tion is favored in plane due to weak dipolar interactions.
After annealing, the coercive field is not only enhanced,
but also found to depend slightly on the angle �:
�0Hc�0

�� � 292� 8 mT, �0Hc�75�� � 228� 8 mT.
Note that the sample may still not be fully saturated at
�0H � 2:8 T for both geometries [Fig. 2(b)]. At 300 K, a
clear hysteresis was observed with a coercive field of
�0Hc � 35� 5 mT. The values of the coercivity are in
agreement to reported data for well-separated chemically
ordered FePt particles of the same size with a random
distribution of anisotropy axes [23] and are much smaller
than the one for cosputtered FePt pancakelike particle
layers for which a coercive field of 2 T at room temperature
has been reported [8]. The ratio of remanence-to-saturation
magnetization is 0.5, as predicted for randomly oriented,
noninteracting particles by the Stoner-Wohlfarth theory,
confirming that the dipolar coupling of the particles is
negligible with respect to the large magnetocrystalline
anisotropy of every single particle after annealing.

The size distribution obtained from a statistical analysis
of many SEM images confirms that the median value of the
diameter distribution does not change within the error bar

Fe L3,2 Pt L3,2

(a) (b)

(c) (d)

FIG. 1. Isotropic XAS, XMCD, and
integrated XMCD spectra at 15 K for
Fe50Pt50 nanoparticles after H plasma
treatment (a),(b) and after annealing in
H plasma (c),(d) measured at the Fe L3;2

edges (left) and at the Pt L3;2 edges
(right). The thin lines in panels (b) and
(d) are Au reference spectra with a
shifted and stretched energy scale.
XMCD spectra at the Pt L3;2 edges are
scaled up by a factor of 4.
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and that more than 80% of the annealed sample consist of
well-separated nanoparticles.

To address the question of whether structural distortions
associated with the L10 phase occur, we analyzed the
difference of the frequency of the EXAFS oscillations at
the Pt L3;2 edges of the metallic particles before and after
annealing [Figs. 1(b) and 1(d)]. Using a Au reference
spectrum, we determined a distance of nearest neighbor
atoms consistent with the lattice constant of 3:85� 0:02 �A
of the fcc disordered particles before annealing and a
reduced one by �2� 1�% after annealing in agreement to
the corresponding decrease known in FePt bulk alloy
[13,24].

By applying the XMCD sum rules [25] it is possible to
determine the effective spin magnetic moment �eff

s and the
orbital magnetic moment �l. �eff

s � �s 	 7�t consists of
the spin magnetic moment �s and the magnetic dipole
moment �t which accounts for the asphericity of the spin
moment distribution and might not cancel out especially in
the case of nanostructured materials. Since the spin-orbit
coupling in FePt is large, �t cannot be eliminated by
angular dependent XMCD measurements [26], and even
for randomly oriented crystallographic axes in the nano-
particle ensemble �t will not average out [27]. Hence, we
can quote effective spin moments �eff

s only.
Values of �l and �eff

s obtained for Fe and Pt, which
include a TEY saturation correction [28,29] of 3% for �eff

s
and 30% for �l in the case of Fe moments, are listed in
Table I. Absolute values were calculated using the theo-
retical numbers of d holes ~nh � nPt

h � n
Au
h with nPt

h �
1:73, nAu

h � 0:75, and nFe
h � 3:705 [30] for both the dis-

ordered and the ordered states. Note that the different peak
intensities in the XAS reveal a small decrease (<10%) of
nFe
h after annealing, indicating a change in the electronic

structure. The Pt moments of the annealed particles have
been obtained by extrapolation to the saturation moments,
since in the applied magnetic field of 0.6 T the XMCD is
only about 74% of the one in the magnetically saturated
state. For a better comparison, we also present in Table I
the theoretical values (b) obtained from band structure
calculations for a L10 structure and the values (a) derived
from calculated XMCD spectra by application of the sum
rules [30]. The later values include �t.

First, we discuss the spin moment of Fe and Pt. We
found no significant change of �eff

s at both the Fe and Pt
sites before and after annealing (Table I), in agreement to
theory [31]. However, the absolute values of the spin mo-
ments at the Fe sites are about 15% smaller than the one
obtained from band structure calculations (2:87�B,
[30,31]) for bulk materials. A reduction of the effective
spin magnetic moment caused by a noncollinear spin
structure at the particles surface [14] is assumed to be
unlikely due to the dominating exchange energy between
all spins in such small particles. One may note that for Fe
nanoclusters a decrease of �eff

s with decreasing size was
associated with a negative contribution of �t [32], which
may be present in the FePt nanoparticles as well. Another
reasonable explanation is the formation of small Fe clus-
ters of a few atoms in the nonannealed particles resulting in
a low-spin Fe state. In the case of Fe chains epitaxially
grown at the steps of Pt(997) such a low-spin state was
identified for a coverage above the monochain limit re-
flecting a strong dependence of �eff

s on the Fe-Fe coordi-
nation [33]. Additionally, in the case of the annealed
particles the magnetic moments measured in 2.8 T may
not be fully saturated (Fig. 2).

Now we turn to the discussion of the orbital contribu-
tions of the magnetic moments. At the Pt site, �l in the
annealed particles is enhanced by about 100% compared to
the calculated one for bulk. This is most likely due to the
contribution of the increased orbital magnetic moments at
the surface [34]. On the other hand, it is reduced by 30%
with respect to the plasma treated (disordered) state. This
may indicate local composition variations within the par-

TABLE I. Element specific effective spin and orbital magnetic
moments in �B. Theoretical values derived from band structure
calculations (b) and from calculated XMCD spectra (a) for the
L10 structure are also listed [30].

Fe Pt
�eff
s �l �eff

s �l

Plasma treatment 2.48(25) 0.056(10) 0.41(2) 0.054(6)
Annealed 2.59(26) 0.240(18) 0.41(3) 0.042(6)
Theory (a) 2.50 0.064 0.41 0.020
Theory (b) 2.87 0.072 0.33 0.046

100nm

(b)

100nm

(a)

FIG. 2. Hysteresis loops of the XMCD for Fe50Pt50 nanopar-
ticles at 15 K measured at the Fe L3 edge for perpendicular (� �
0�, solid lines) and grazing (� � 75�, dotted lines) incidence
(a) after H plasma treatment and (b) after 30 min annealing at
600 �C. The insets show SEM images of the sample before and
after annealing.
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ticle. One may argue that in the chemically disordered state
a local segregation of a few atoms of Pt polarized by the Fe
may effectively acquire a larger �l due to the larger spin-
orbit coupling in Pt while �s remains the same. This effect
may even be pronounced if the Pt enrichment occurs at the
surface of the disordered particles. At the Fe site the orbital
magnetic moment is strongly enhanced after annealing,
namely, 330% with respect to the nonannealed state. The
same dramatic increase is found when we consider just the
ratio of orbital-to-spin magnetic moments, which is inde-
pendent of the number of unoccupied d states. At the Fe
site the ratio increases from 2% to 9% after annealing and
is nearly identical to the ratio at the Pt site (10%) This
indicates a noncubic environment of the Fe and Pt atoms as
expected for the L10 structure.

In conclusion, we determined the element specific mag-
netic moments, �l and �eff

s , in pure metallic 6.3 nm
Fe50Pt50 particles and found a strongly enhanced value of
�l at the Fe site after annealing for 30 min at 600 �C.
Evidence for local composition variations within the par-
ticles based on a comparison of all contributions to the
magnetic moments is discussed. Additionally, changes of
the EXAFS oscillations and the enhanced coercivity after
thermal treatment indicate the partial formation of the L10

structure.
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