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Depending on the chemical composition and ordering of
the system, alloying of a 4d element displaying a large
magnetic susceptibility with a 3d ferromagnetic one induces
a polarization of the 4d element and a strong enhancement
of the overall magnetization. Furthermore, certain 4d ele-
ments, among them Rh, become ferromagnetic below a
critical size.1 As a consequence of the induced polarization
and large spin orbit coupling in the 4d elements, the magneto-
crystalline anisotropy is also affected. We took advantage
of these effects, in the case of the CoRh system, and
demonstrated that combining such a 3d/4d association and
size reduction leads to CoRh nanoparticles (NPs) of out-
standing magnetic properties.2,3 Surprisingly, these CoRh NPs
show partial segregation of the metals, that is, display a core
enriched in Rh atoms while their surface is enriched in Co
atoms.4 We next decided to study the FeRh system at the
nanoscale, with the objective of synthesizing core(Rh)-shell-
(Fe) Rh@Fe NPs. This system is interesting because the
FeRh structural and magnetic phase diagrams are particularly
rich in the bulk.5 Also, Fe magnetism is strongly sensitive
both to structural properties (metal-metal distance and
crystalline structure) and chemical environment.6 Recently
a renewed interest in this system has stimulated much
research in the area of Fe-Rh multilayer composites,7,8

which could serve as a good starting point for understanding
the properties of core-shell Rh@Fe NPs. For such small

systems, the high surface to volume ratio induces a high
reactivity, especially toward any adventitious dioxygen. It
is thus of prime importance to reduce the number of synthesis
steps. We have now designed a one-pot synthesis based on
the hydrogenation of metal-organic complexes. Rh(allyl)3

9

and Fe[N(SiMe3)2]2
10 have been selected as metal precursors.

Indeed, hydrogenation of Rh(allyl)3 generates only propane
as a byproduct and is characterized by very fast kinetics, in
contrast to, for example, the Rh(COD)(acac) complex which
was used for the synthesis of CoRh NPs.2 Fe[N(SiMe3)2]2

was successfully used for the production of pure Fe NPs.11,12

These particles displayed enhanced magnetic moments in
quantitative agreement with measurements on bare gas-phase
particles,13 demonstrating that hexamethyldisilazane, pro-
duced in the hydrogenation step, is innocuous regarding one
of the most sensitive physical parameters of the material.
This step is slow, however, and requires thermal activation.
Hence, exposure of a mixture of both precursors to H2 should
lead first to the formation of Rh NPs. These Rh NPs would
then serve as seeds for the growth of the Fe over-layer and
produce NPs which could be suitable for fundamental physics
studies. To secure a segregated system with a small Rh core,
we focused on the Rh20Fe80 composition. The presence of a
long chain ligand is mandatory during the synthesis to control
the final spacing of the NPs. Hexadecylamine (HDA) has
previously been used to stabilize Rh NPs.14 It was demon-
strated to be a very labile ligand15 and so would not prevent
the formation of an Fe over-layer on the Rh seeds and would
not alter the magnetic properties of surface atoms.16 We re-
port in this communication the success of this first one-pot
synthesis of Rh@Fe NPs and the first results from the study
of their structural and magnetic properties. Extreme care was
taken to ensure that postsynthesis oxidation did not occur.

Figure 1 shows the final NPs as observed by TEM. From
a Gaussian fit, the NPs have a mean diameter of 2.1 nm
(standard deviation,σ ) 0.6 nm; Supporting Information).
Repeated energy dispersive X-ray (EDX) analyses show the
presence of isolated NPs containing both metals (Supporting
Information). Their structure was investigated by wide-angle
X-ray scattering (WAXS) measurements. In Figure 1, the
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experimental reduced intensity and corresponding radial
distribution function (RDF) of Rh20Fe80 NPS are compared
to those computed from two model structures, consisting of
bcc (R-iron like) and fcc (rhodium andγ-iron like) clusters,
respectively. Comparison, both in direct and in reciprocal
space, shows that the Rh20Fe80 samples do not crystallize in
a bcc arrangement. They thus possess a different atomic
packing than in the thermodynamically stable bulk alloy of
the same composition, which is of bcc type.5 In particular,
the experimental data in reciprocal space do not display the
peak at 45 nm-1 which is typical of the bcc structure. The
RDF of the bcc model displays a broader peak for the first
metal-metal distance, and the relative intensities of the next
two peaks are changed. The RDF and reduced intensity are
closer to those calculated from the fcc model cluster. The
metal bond length, 0.265 nm, is larger than in bulk Fe (0.248
nm) and bulk Rh20Fe80 alloy (0.253 nm) but is closer to that
of bulk Rh (0.269 nm). This is typical for clustering of Rh
atoms, that is, formation of segregated NPs.4 X-ray absorp-
tion spectroscopy (XAS) was further used to investigate each
metal separately (Figure 2, Supporting Information).

In Figure 2, the Rh K-edge is very similar to that measured
on a Rh foil, indicating that oxidation was successfully pre-
vented. The EXAFS oscillations are damped (as a result of
finite NP size) but in phase with those of the bulk reference.
The fourier transform (inset, Figure 2) shows a metal bond

length identical to that in the reference Rh foil. All these
observations point to Rh clustering in the NPs. Poorer data
quality prevents complete treatment at the Fe K-edge. Still,
the line shape of the Fe K-edge is appreciably different from
that of the bcc Fe reference but is typical of unoxidized
metallic iron (inset, Figure 2) with an amorphous packing.17

The shapes of the L3,2 and M3,2 edges, studied during X-ray
magnetic circular dichroism (XMCD) measurements (see
below), give further clear evidence for the absence of oxide
contamination (Figure 3). The results obtained from the
analysis of both WAXS and XAS strongly support the pres-
ence of segregated NPs. Morphological and structural evolu-
tion as a function of the reaction time were studied by trans-
mission electron microscopy (TEM) and WAXS (Supporting
Information). After 1 h, TEM images display small NPs,
some of which are agglomerated. EDX analysis on these NPs
shows mainly the presence of Rh, while the diffuse back-
ground contains mainly Fe (Supporting Information). For
longer reaction times, the morphology of the NPs does not
change much, but fewer agglomerates are observed. Because
of the inherent uncertainty of size determination, conclusive
indications on the growth of the NPs could not be derived
from size histograms. After 1 h, WAXS measurements show
a structural arrangement and a metal bond length identical
to that measured for pure Rh NPs, confirming the preferential
decomposition of the Rh precursor during the first stage of
the reaction. Surprisingly, the general structural features
observed for the final Rh20Fe80 NPs are already observed
after 4 h of reaction. No further structural change could be
observed for the sample quenched at 12 h. This could reflect
the growth of an amorphous Fe layer. Magnetic properties
were not studied as a function of reaction time, because some
non-decomposed Fe precursor still remains in the samples
at intermediate reaction times. Its magnetic contribution
would prevent any conclusive interpretation of the data.

Investigation of the magnetic properties of the final
Rh20Fe80 NPs was carried out by SQUID (Figure 4). The
zero field cooled/field cooled magnetization curve measured
at 1 mT is characteristic of a superparamagnetic behavior
and displays a very low blocking temperatureTB ) 3 K.
Magnetization loops [M(H)] were recorded at 2 K (inset,
Figure 4). As expected, the curve provides evidence of
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Figure 1. (a) TEM image of Rh20Fe80 NPs. Experimental data obtained
from WAXS measurements and compared to computed curves from bcc
Fe and fcc Rh model clusters: (b) reciprocal space, (c) direct space.

Figure 2. Left: XAS at Rh K-edge (inset: uncorrected RDF). Right: Fe
K-edge (inset: first derivative in XANES region).

Figure 3. XAS measurements at (top) Fe L3,2 and (bottom) Rh M3,2-edges.
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hysteresis. At 5 T, the magnetization does not saturate and
still displays a large high field differential susceptibility. This
is indicative of a non-collinear spin structure. The value of
the spontaneous magnetization at 5 T corresponds to an
average of 1.3µB per Fe atom, assuming that Rh atoms carry
negligible magnetic moments, if any. This value is very small
in comparison to Rh20Fe80 bulk alloys (>2.9µB)5 and to bulk
or nanosize Fe (2-2.5µB)18 but very large in comparison to
what is observed for thin Fe layers deposited on Rh
substrates, where the first two Fe layers are not ferromag-
netic.8,19 XMCD measurements were carried out at both Fe
and Rh edges. The dichroic signal measured at Fe L3,2 edge
is in agreement with the reduced magnetization of Fe in the
NPs found by SQUID magnetometry (not shown). At the
Rh M3,2 edge a much smaller yet finite XMCD signal is
observed, indicative of an induced moment with a component
parallel to that of Fe. The Rh atoms in Rh20Fe80 NPs thus
acquire some magnetic polarization, similar to what was
observed for the CoRh system. Full interpretation of the data
is out of the scope of this paper and will be reported
elsewhere.20

The kinetic study of the synthesis as well as WAXS and
XAS measurements on the final Rh20Fe80 system are in agree-
ment with the conclusion that this one-pot synthesis route
does indeed yield core-shell NPs. Oxidation was entirely
avoided in all experiments, ruling out oxidation as a possible
factor inducing chemical segregation in this system, in
contrast to what was observed by Gatte and Phillips21 The
better coordination of HDA to Fe surfaces compared to those
of Rh might well account for the disappearance of agglomer-
ates at long reaction times. We thus assume that the particles
consist of a very small core of Rh atoms, on which Fe tends
to grow in a disordered way. The most frequent diameter
observed (2 nm) corresponds to NPs with 300-400 atoms
in average, 60-80 Rh atoms (20%), and 240-320 Fe ones
(80%). When the fact that all Rh atoms are buried in the
core of the NPs is considered, they should represent an fcc
seed of slightly more than two layers on which two layers

of Fe atoms would grow. As the Rh seed is most probably
not a close-shell cluster, a mixed Rh-Fe interface probably
develops during the growth of the Fe over-layer leading to
chemical defects at the interface.

The magnetic properties of this system are striking. Indeed,
the first two layers of Fe grown on paramagnetic Rh(100)
or (001) surfaces do not display ferromagnetism,8,19 and
density functional theory calculations suggest that this is
related to the formation of tetragonally distorted Fe layers
upon epitaxial growth on Rh.22 In our case, the NPs are
ferromagnetic. Because Fe magnetism is strongly governed
by the interatomic distances and local structure, a first
explanation could be that the defects present in the structure
of the outer Fe shell of the NPs enable the emergence of
ferromagnetism. Local magnetism in bimetallic NPs is far
from simple, reflecting the complex interplay of structural
and chemical order, finite size effects, and electronic
properties,23 so a better understanding of this system will
require theoretical calculations, as done for the 50/50
composition.24

In conclusion, we have successfully synthesized core-
shell Rh@Fe NPs by a one-pot method taking advantage of
the different kinetics of hydrogenation of organometallic
precursors, respectively Rh(allyl)3 and Fe[N(Si(CH3)3)2]2. The
NPs can be viewed as a curved interface between an fcc Rh
core and amorphous Fe overlayers. They display a nonsat-
urated ferromagnetic character with a spontaneous magne-
tization far below the bulk one. This reflects the complex
magnetism of this core-shell system. As amido complexes
are known for many elements, our one-pot synthetic proce-
dure should be general to access core-shell magnetic NPs.
The next challenges will be the understanding of the
magnetism of this striking system and the development of
new strategies to reverse the kinetics of decomposition of
amido and alkyl complexes, to get magnetic seeds in noble
metal shells.
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Figure 4. Zero field cooled/field cooled data (inset: hysteresis curve).
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