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In this paper, we present some specific chemical and magnetic order obtained very recently
on characteristic bimetallic nanoalloys prepared by mass-selected Low Energy Cluster Beam
Deposition (LECBD). We study how the competition between d-atoms hybridization,
complex structure, morphology and chemical affinity affects their intrinsic magnetic
properties at the nanoscale. The structural and magnetic properties of these nanoalloys were
investigated using various experimental techniques that include High Resolution
Transmission Electron Microscopy (HRTEM), Superconducting Quantum Interference
Device (SQUID) magnetometry, as well as synchrotron techniques such as Extended X-Ray
Absorption Fine Structure (EXAFS) and X-Ray Magnetic Circular Dichroism (XMCD).
Depending on the chemical nature of the nanoalloys we observe different magnetic
responses compared to their bulk counterparts. In particular, we show how specific
relaxation in nanoalloys impacts their magnetic anisotropy; and how finite size effects (size

DOI: 10.1039/x0xx00000x

www.rsc.org/

reduction) inversely enhance their magnetic moment.

A Introduction

Over the past few years, bimetallic magnetic nanoparticles
(NPs) have attracted considerable attention as potential
candidates for various applications from catalysis, magnetism,
optics, to nanomedicine'. Nevertheless, experimental results on
their magnetic properties are quite scarce because of intricate
size and alloying effects. The atomic structure and magnetic
behaviour of bimetallic NPs have been experimentally observed
to differ from the corresponding bulk materials in a favourable
way or not, due to small size effects as peculiar symmetry?,
partial chemical ordering®, surface segregation®.. Numerous
theoretical works have been performed to try to explain exotic
structure>®’® or electronic properties™'® observed in such
nanoalloys by integrating a great number of parameters.

In the one hand, as mentioned by Pierron-Bohnes et al.'’, both
combined phenomena in nanoalloys can lead to enhancement of
magnetic moment due to the cut bonds at the cluster surface
and change in hybridization with other species orbitals. On the
other hand, over all contributions (shape, strain and interface),
the Magnetic Anisotropy Energy (MAE) is very sensitive to the
spin-orbit coupling and to the chemical order but also to
specific atomic relaxations in nanoalloys, which can give rise to
oscillation for the first surface shells 2.

To illustrate chemical order effects on intrinsic magnetic
properties of bimetallic NPs, we will present both experimental
results and perspectives on ferromagnetic (FM) Fe or Co-based
NPs with second element being 3d, 4d or 5d transition metal.

This journal is © The Royal Society of Chemistry 2013

Starting from promising bulk-phase diagrams for spintronic
applications, a few miscible and immiscible couples will be
reported. To give some ideas about the forthcoming
developments, we will focus our attention on the magnetic
moment and the MAE evolution with chemical order in well-
defined nanoalloys. In order to work with ligand-free
stoichiometric nanocrystals, the clusters were pre-formed in the
gas phase thanks to a mixed equiatomic target and a laser
vaporization source working in the Low Energy Clusters Beam
Deposition (LECBD) regime. The apparatus equipped with a
quadrupolar electrostatic mass-deviator allows depositing size-
selected clusters in the 2-4 nm diameter range with sharp
dispersion'®>. We previously showed that the shape of clusters
prepared by LECBD followed the Wulff construction and that
the anisotropic surface tension determines the shape of
nanocrystal in equilibrium with the formation of facets'®. Mass-
selected clusters presented here, are co-deposited in an Ultra-
High Vacuum (UHV) deposition chamber, with an independent
atomic carbon matrix beam on 45°-tilted substrate'®. To take
interest in their intrinsic properties, NPs are 1%-diluted in
volume to avoid magnetic interaction among NPs. As the inert
carbon matrix offers an efficient external protection for sample
transfer into air and a very good thermal resistance'®,
subsequent vacuum high-temperature annealing is then possible
to reach equilibrium phase without coalescence between NPs.

This paper, dealing with recent advanced results obtained on
bimetallic nanoalloys prepared by LECBD, is divided versus
NPs structure. The first part is dedicated to results on
nanoalloys in tetragonal chemically ordered L1, phase (as in
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CoPt and FePt NPs), the second one on cubic B2 phase NPs (as
in FeCo and FeRh NPs). Finally, the last part focuses on
perspectives concerning in particular core/shell morphologies
(as in FeAu, CoAu or CoAg NPs).

B Results and discussion

1) Chemically ordered tetragonal L1, nanomagnets

The bulk CoPt and FePt phase diagrams are very rich'’. In
particular, for equiatomic CoPt (or FePt) bulk alloys in the
chemically ordered L1, phase, an extremely high
magnetocrystalline anisotropy is expected from the stacking of
pure Co (or Fe) and Pt atomic planes in the [001] direction.

We have shown that as-prepared mass-selected CoPt and FePt
NPs prepared by LECBD are mainly FCC truncated
octahedrons in a chemically disordered A1 phase and transit to
the chemically ordered L1, phase upon 500°C-annealing in
vacuum by conserving size and morphology (see Fig. 1.2 and
1.5)'"®. We have also put into evidence some Multi-L 1, domains
particles by transmission electron microscopy (TEM)'’.

The magnetic properties of CoPt (resp. FePt) clusters embedded
in carbon matrix assemblies have been studied from
Superconducting Quantum Interference Device (SQUID)
magnetometry experiments and simulations. In order to
measure the clusters magnetic intrinsic properties we have to
check that the magnetic interactions are negligible in the
samples. For this purpose we use Isothermal Remanent
Magnetization (IRM) and Direct current Demagnetization
(DcD) curves at 2 K?°. Experimentally for the IRM, this
consists in considering a sample initially demagnetized, initially
at zero field, and apply a magnetic field before removing it to
measure the remanent magnetization. For the DcD, the sample
magnetization is, initially, the remanent magnetization. These
new protocols are then used to detect the nature of interactions
via the well know parameter dm=DcD(H)-(IRM(0)-2IRM(H)).
Without interaction, the dm parameter is equal to 0 whatever
the applied magnetic field, whereas the presence of
magnetizing or demagnetizing interactions leads respectively to
dm > 0 and dm < 0. As presented in figure 1.3 the om
parameters is equal to 0 whatever the applied magnetic field,
meaning that the magnetic interactions between the clusters are
negligible in the sample.

Then we use the recently developed accurate “triple fit”
method, where the Zero field Cooled/Field Cooled (ZFC/FC)
susceptibility curves and a room temperature magnetization
loop are entirely simultaneously fitted (see Fig. 1.4)*'. For the
CoPt samples, we have reached a reliable determination of the
magnetic particle diameter (D,,) and the effective MAE normal
distribution (characterized by the mean value K. and the

standard deviation wy) which are reported in Table I %,
As prepared Annealed
D,, (nm) 3.12+0.1 3.12+0.1
Ko (kJ.m™) 218 £20 293 +30
Wk 37% + 5% 28% + 5%

Table I: Magnetic characteristics of as-prepared and annealed size-
selected CoPt clusters embedded in carbon matrix with 3 nm in
diameter.

2| J. Name., 2012, 00, 1-3

In a previous paper’>?* we have shown that the MAE in pure

clusters essentially comes from the effect of additional facets
and dispersion is relatively small. In the case of size-selected
CoPt or FePt NPs assemblies, even with small shape and
composition variations, a supplementary contribution to the
MAE dispersion is to be considered due in particular to the
statistical chemical distribution®. Indeed, since the anisotropy
enhancement in as-prepared CoPt compared to pure Co clusters
is due to the presence of Pt atoms, the dispersion of the
magnetocrystalline anisotropy (which depends on the
neighbourhood of each Co atom) increases with the number of
possible chemical arrangements. It is probably the reason why
the MAE of chemically disordered CoPt particles is quite large
even if mass-selected clusters have small size dispersion (8%
determined by TEM). Moreover, the main difference between
the as-prepared and annealed samples comes from the magnetic
anisotropy evolution. Upon annealing, as long as a well-defined
and high enough degree of chemical order can be reached, the
multiplicity of atomic configurations is strongly reduced and
the effective MAE dispersion is expected to decrease while its
median value increases®. Nevertheless, the effective MAE
distribution of chemically ordered CoPt clusters only increase
by 35 % for K.+ compared to the one of as-prepared sample
(see Table I). This last value is one order of magnitude smaller
than what is expected for the L1, bulk CoPt.

Fig. 1.2: a) Fourier transform of the experimental HRTEM
image of a CoPt cluster where the chemical L1, order is visible.
(b). The [001] peak is the signature of the chemical order in the
nanoparticle. ¢) Simulated HRTEM image of a perfectly
ordered cluster.
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Fig. 1.3: IRM(H), DcD(H) and Om for annealed CoPt clusters
embedded in an amorphous carbon matrix. The values
presented here are divided by the remanent magnetization
(Mg = IRM ()).

This journal is © The Royal Society of Chemistry 2012

Page 2 of 9



Page 3 of 9

-8.0x10°

a) 8.0x10° b) LU
/ ’
4.0x10* ¢ o

o~ o —8.0x10 5

E E

< < ol

& & ';" B 4 oxto™ ? Rt

-4.0x10 / s

>y i 'Iv.;,l' >
d vesy

C) 10x10* d)

5.0x10°

" [l ]

5.0x10"

m(A.m?)

1.0x10"
-1.0

05 0s 1.0

L
HH (T

Fig. 1.4 Hysteresis loops at 300 K (a), at 2 K (c) and ZFC/FC (b) for
annealed CoPt NPs embedded in C matrix. The solid lines
correspond to the fit. Mean astroids associated to the biaxial fit (d).

14

FePt recuit (Seuil Lay 3 - By Pt)

=10
Zos
Wos
X 04
/

v,

FePt

—XMcD

155 188 161 1326 1329 1332
Energie (V)

Fig. 1.5: Experimental HRTEM image and corresponding Fourier
transform obtained on a FePt cluster where the chemical L1, order
is visible (left). Evidence of induced magnetic moment in Pt from
XMCD measurement at L, ; Pt edge (right).

To go further, the hysteresis loops at 2 K have been fitted using
a geometrical approach??*®_ At the cluster surface, the cubic
symmetry is broken which involves second-order dominating
terms. Briefly, the anisotropy function of a macro-spin can be
expressed as:

G(6,9) = Kym? + K,m}

with z the easy axis, y the hard axis, x the intermediate axis and
K;<0<K,. Here K; and K, represent the second order anisotropy
constants, m, the normalized magnetization projection on the
easy axis. Finally 6 and ¢ represent the magnetization angles in
a spherical basis. In a case of a biaxial anisotropy we use the
geometric approach to build the astroid which represents, in the
field space, the magnetic switching field (H,). To take into
account the thermal fluctuations (here at 2 K), which can bring
the magnetization over the energy barrier, we use the Néel’s
relaxation model®>. When two stable positions exist the
relaxation time Dbetween these states is given Dby:
T = 19exp(AE/kgT), where 1, is a constant close to 107 s
and AE the energy barrier. It is therefore possible to simulate
hysteresis loops of an assembly of NPs taking into account the
temperature, the size distribution and clusters’ biaxial
anisotropy (figure 1.4). We obtained bi-axial K; and K, terms
with a constant ratio (K»/K) close to 0.5°".

In any case, such second order surface anisotropy terms are far
away from the volume magnetocrystalline value expected for
the L1, bulk-structure. Because MAE strongly depends on the

This journal is © The Royal Society of Chemistry 2012
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local atomic distortions, we performed on French CRG BM02
and BM30B beam lines at the ESRF, X-ray diffraction and
absorption at each metallic edge in view to reach quantitative
lattice parameters in the 3d and 5d neighboring. We obtained
nontrivial structural relaxations on size-selected CoPt and FePt
clusters assembly in the 2-4 nm diameter range®. Indeed, we
have found element-specific dependences of the relaxed inter-
reticular parameters in such bimetallic clusters. Even for a very
good chemical L1, order at nanoscale, this translates into a
strong distortion in pure magnetic Co and Fe planes, not
matching with the Pt inter planes and a large dispersion in the
local 3d-environment. In particular, by spin-polarized density-
functional calculations using the Vienna ab initio simulation
package (VASP), we have shown that in the uppermost [001]
Co layer, the Co atoms show a clear in-plane tetramerization.™
Such complex specific atomic rearrangements in nanoalloys
provide the basis for a microscopic understanding of the
electronic and magnetic properties and could explain previously
reported anisotropy lowering.**
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Fig.1.6: Comparison between the XMCD signal at the Fe-L
edge obtained on as-prepared (a) and annealed (b) size selected
FePt clusters embedded in carbon matrix with 3 nm in
diameter.

In order to correlate the atomic magnetic moments to finite size
effect in nanoalloys, we use XMCD spectroscopy experiments
at each specific Co (resp. Fe) and Pt L-edges, on bimetallic
CoPt (resp. FePt) nanoclusters around 3 nm in diameter (figure
1.5 and 1.6). Compared to the bulk, we find large magnetic
moments of Fe, Co and Pt for the chemically ordered L1y-like
clusters. In Table II, the mean orbital and spin magnetic
moments per Co, Fe and Pt atom, p; and pg have been
determined using the well-known sum rules**¢ and the number
of holes per Co, Fe and Pt atoms estimated from theoretical
band structure calculations for L1, CoPt and FePt (n, Co =
2.628,n, Fe = 3.705 and n, Pt = 2.369)*’. We have found
an enhancement of all the specific magnetic moments in FePt
and CoPt clusters compared to the ones of the bulk phase. As
the average spin moment is very sensitive to the cluster size®,
the enhanced proportion of low coordinated atoms at the
surface (which corresponds to around 40 % in the 3nm size—
range) causes a narrowing of the valence d band inversely
proportional to the density of state at the Fermi level. This is
probably the reason why for L1y 3 nm FePt and CoPt clusters,
we have found spin moments that are always larger than the
ones in the bulk chemically ordered phase. Concerning the
orbital moment, in strongly hybridized systems with large SO
coupling as in our case, a simple correlation to the MAE cannot
be applied anymore®. The significant increase of u;/ug ratio
has to be related to SO coupling and to the reduced symmetry at
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the surface which leads to a lower effective quenching of the u;,
moment in our diluted cluster assemblies compared to the
bulk™.

Co-edge Fe-edge Pt-edge
XMCD at various | Hs (Hp/at.) | ps (pp/at.) us (up/at.)
L3:2edges |y uofat) |y (mofat) | py (uo/at)
/s w/ s w/ s
1.67 0.47
CoPt as-prepared 0.13 0.07
0.077 0.15
1.98 0.52
CoPt annealed 0.2 0.1
0.101 0.192
1.33
FePt as-prepared 0.15 -
0.11
2.59 0.57
FePt annealed 0.37 0.07
0.14 0.13

TABLE II. Atomic spin ug, orbital y; magnetic moment and
corresponding p; /ug ratio from XMCD at each specific Co (resp.
Fe) and Pt L,; edge on as-prepared and annealed CoPt and FePt
cluster assemblies. The corresponding values for Fe and Co bulk can
be found in the reference®'. Note that the Pt moments of FePt
particles have been measured on a sample with a broader size
distribution (but equivalent median diameter).

As a conclusion, a careful examination of the intrinsic magnetic
properties of well-defined chemically ordered L1y-like CoPt
and FePt nanoclusters has shown that finite size effects lead to
opposite consequences on magnetic anisotropy and magnetic
moments, respectively reduction and enhancement values
compared to the bulk ones. This means that the stimulating
results reported on literature for CoPt and FePt nanoalloys may
have been over-interpreted because extrinsic effects, as
magnetic interactions in highly concentrated cluster assemblies,
matrix or coalescence effects upon annealing, have been
neglected. Therefore, one can legitimately question their ability
to keep its promises as high density storage media because their
performance may never be high enough to ensure a
magnetization thermal stability compatible with practical
applications at room temperature.

From a fundamental point of view, these experimental results
demonstrate the urgent need for theoretical non-colinear
calculations-including the spin-orbit coupling, in order to obtain
a quantitative evaluation of the effective MAE values in relaxed
L1, nanoclusters.

4| J. Name., 2012, 00, 1-3

2) Chemically ordered CsCl B2 nanomagnets

Near equiatomic composition of, both, FeRh and FeCo bulk
alloys present CsCl-like B2 chemically ordered phase®.
Moreover, a temperature-induced metamagnetic transition from
anti-ferromagnetic to FM order (AFM—>FM) is observed close
to ambient for B2 FeRh alloy with great potential in spintronics
and heat assisted magnetic recording ****. Indeed, at room
temperature, bulk B2 FeRh has been found to be a G-type AFM
with a total magnetic moment on the iron atoms of 3.3 pug and
no appreciable moment on the rhodium atoms. While above the
370 K transition temperature, the atomic moments of Fe and Rh
are ferromagnetically aligned and take on total values of 3.2
and 0.9 pg, respectively *“*”*% It has long been known that the
bece unit cell volume expands by 1% upon transforming to FM
order”. From first-principles and model theoretical
investigations, the relative stability of the FM and AFM of a-
bulk FeRh solutions have been shown to depend strongly on the
interatomic distances™® and recent experiments suggest that
distortions of the bee structure may also occur in bulk phase®’.
Such open condensed-matter questions enhance the appeal of
small FeRh particles as specific example of 3d-4d nanoscale
alloy with interatomic distances and unit cell distortions™*>’
inducing a strong modified magnetic phase diagram. As an
illustration, ab-initio calculations predicted FM down to 0 K for
8-atoms relaxed B2-like FeRh clusters®® while first experiments
on chemically synthesized FeRh NPs failed to evidence low
temperature stability of the FM order because of partial B2
ordering, eclemental segregation, and coalescence upon
annealing®>>%>’. Moreover, temperature dependent Curie-like
behaviour and induced spin moment in pure small Rh clusters
ha\sixe been revealed from XMCD measurements by Barthem et
al.”>”.
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Fig. 2.1: Evidence of B2 phase from HRTEM observation
obtained on annealed FeRh of 3 nm NPs (top). Hysteresis loops
at 2 K obtained on 3 nm FeRh NPs showing the FM order and
the global magnetization enhancement upon annealing (bottom)

Recently, we obtained the experimental persistence of high
magnetization in FM order down to 2 K low-temperature for
well-chemically ordered FeRh nanocrystals prepared by
LECBD (see Fig.2.1)®. Once more, an annealing-driven

This journal is © The Royal Society of Chemistry 2012
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transition from a chemically disordered Al-like structure to a
chemically ordered B2 structure with alternating atomic Fe and
Rh layers and a bcc rhombic dodecahedron shape has been
revealed from HRTEM on size-selected FeRh clusters with
diameters up to 3 nm. Unlike SQUID and XMCD
measurements have demonstrated ferromagnetic alignment of
the Fe and Rh at low temperature with magnetic moments of 3
and lpg, respectively. This ferromagnetic order has to be
confronted to density-functional calculations.

1.0 T T T

- - -FeRh A1

——FeRh B2
0.8 .
0.6 % .

FT[K" x(k)]

Fig. 2.2: Fourier Transform of the EXAFS signal in FeRh sample
before (FeRh A1) and after annealing (FeRh B2).

A quantitative EXAFS analysis using the Artemis software®,
confirm the systematic transition upon annealing from the
chemically disordered fcc A1l phase to the ordered bcc B2 one
for 3nm-FeRh clusters assemblies embedded in carbon matrix.
In particular a very good agreement has been obtained for the
annealed sample with a bcc unit cell size (compatible with
those of the B2 FeRh bulk) with a Debye Waller (DW) factor
decreasing with chemical ordering™. Nevertheless the relatively
large DW parameter probably due to different element
relaxation (as already observed in CoPt nanoalloys), does not
allow to obtain a perfect crystal at nanosize with specific
magnetic order like compressed AFM and expanded FM as
expected in the bulk phase. Moreover, one has to keep in mind
that a FeRh nanoparticle with 3.3 nm in diameter count 35 % of
atoms at the interface with metallic atoms on the inner shell and
carbon matrix atoms in outer shell. This is in favour of FM
order obtained at low temperature in FeRh nanoalloy because
AFM state is probably incompatible with uncompensated spins
at finite size.

As already mentioned, the challenge for ultimately using NPs
as recording media, is to overcome the superparamagnetic limit
at room temperature by using a material with huge magnetic
anisotropy constant (K.g). But in order to limit the required
writing field (H,,), which is proportional to the ratio of K.¢/M,,
a large saturation magnetization (M,) is also required.
According to the slater-Pauling graph, FeCo has the largest
recorded M, (see figure 2.3.), but remains a soft magnetic
material in the bulk bimetallic phase®. Concerning the binary
bulk phase diagram, the FeCo system is characterized by an
extensive solid solution range between fcc Fe and fcc Co and a
wide bce-Fe solid solution region which transforms via a
second order reaction into the ordered CsCl type phase FeCo
(see Fig. 2.4).

This journal is © The Royal Society of Chemistry 2012
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Recent theoretical advances predicted that structural distortion
in FeCo nanoalloys in chemically ordered B2 phases can lead to
a giant MAE together with a large M, (see Fig. 2.5)%. It is
suggested that FeCo alloys grown in super lattice geometry on
suitable buffers could be very promising with MAE comparable
to that of chemically ordered FePt and it has never been
experimentally confirmed. It is the reason why we have
prepared FeCo NPs from LECBD, in view to try to increase the
MAE by taking advantage of specific distortion expected in
chemically ordered nano-alloys.
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Fig. 2.5: (color). Calculated effective anisotropy K, (upper
panel) and saturation magnetic moment g, (lower panel) of
tetragonal Fe;, Cox as a function of the c/a ratio and the Co
concentration x, from ref %
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To reach this purpose, X-ray absorption spectroscopy (XAS)
experiments at both Fe and Co K-edges, has been performed on
FeCo NPs around 3 nm in diameter. On one hand, the
crystallographic ordering has been promoted by high
temperature annealing in vacuum without coalescence of such
bimetallic clusters assemblies embedded in amorphous carbon
matrix®. But as for HRTEM images, the low Z-contrast
between Fe and Co atoms did not allowed for the moment to
conclude without ambiguity between bcc and B2 chemically
ordered phase upon annealing. Nevertheless SQUID
magnetometry measurements were performed on our as-
prepared and annealed samples. Simultaneous fitting of the
ZFC-FC curves and the hysteresis M(H) with the triple-fit
protocol 2! shows an enhancement of the MAE after annealing
almost doubles as seen Table III.

As Prepared | Annealed (750 K)
Tax (K) 11 23
K (kJ/m®) 42+2 110+5
Dy, (nm) 3.2+0.1 33£0.1
o 0.32£0.05 0.27 £0.05

Table III - Maximum of the ZFC susceptibility curves (7).
magnetic anisotropy constant K. and magnetic size parameters
(median diameter D,, and standard deviation o) as deduced from
triple fit adjustments of SQUID measurements. For comparison, D,
and ¢ as determined from TEM observations are 3.1£0.1 nm and
0.32+0.05 nm, respectively.

In addition, X-ray magnetic circular dichroism (XMCD)
measurements were performed on these samples at both Co and
Fe L,; edges on the DEIMOS beamline at SOLEIL (France).
An increase of the magnetic moment per atom was observed at
both Co and Fe edges in agreement with the chemical order.

C Perspectives

Besides the investigation of nanoalloy particles, where the two
chemical species can mix together (with or without a chemical
order) and present original features due to finite size effects,
other geometries of bimetallic NPs are also appealing. This is
the case of core-shell structures, or Janus-type particles where
the two elements are immiscible. This is what is expected for
NPs made of a magnetic transition metal (Fe or Co) and a noble
metal (Ag or Au). Such mixed NPs offer additional possibilities
for new functionalities (biocompatibility, detection, targeting,
reactivity and catalysis...), and open the way to a very recent
field of magneto-plasmonics with the aims of combining optical
properties (localized surface plasmon resonance, LSPR) and
magnetic properties®*®>%°. While multilayers such as Fe/Au or
Co/Au have been studied in the past (for magneto-optical or
GMR effects...)*"%®% there are very few measurements on
small bimetallic NPs. Moreover, as particles are mostly
chemically-synthesized with large sizes or dispersions, there is
almost no reported result on NPs in the size range between 2
and 5 nm in diameter. This is why the LECBD technique, with
the deposition of mass selected clusters in a non-magnetic
matrix, can bring new information on these interesting nano-
systems.

Starting from the FeAu bulk phase diagram’™ as there is no
compound at room temperature and a wide miscibility gap,

6 | J. Name., 2012, 00, 1-3

competitions between core/shell NPs and nanoalloys (which
may be obtained thanks to the out-of-equilibrium formation
process) can be expected. At nanoscale, according to intrinsic
thermodynamic considerations, gold atoms tend to segregate at
FeAu NPs surface because of lower surface energy and larger
atomic distance compared to iron. But in the other hand, equi-
atomic, fcc FeAu alloys are quite easily stabilized at room
temperature despite the fact that the fcc phase is only a high
temperature bulk-phase’'. New phases displaying a chemical
order, such as the L1, phase for FeAu or the L1, phase for
FeAu;, can also be obtained at nanosizes while they are
inexistent for the bulk material’’>7*7>,

/T T T
FeAu 300V (L,, Au edge)
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Figure 3.1: Evidence of induced magnetic moment on Au
atoms from XMCD measurement at the L, ; Au edge (left) for
as-prepared FeAu clusters (around 3 nm diameter) embedded in
amorphous carbon. HRTEM image of an annealed CoAu
nanoparticle (capped with carbon), displaying a core/shell
structure with an off-centered Co core surrounded by an Au
shell.

The magnetic polarization of a non-magnetic metal due to the
proximity of a ferromagnetic metal is of great fundamental
interest and can be studied by XMCD 7 77, For instance, we
have been able to measure (at the ESRF ID12 beamline) the
magnetic moment of gold atoms in 3 nm diameter FeAu
clusters embedded in carbon (see Fig. 3.1): upon annealing, it
evolves from 0.04 to 0.07pg/atom for the spin moment, while
the orbital moment remains around 0.02 pg/atom. Even if the
magnetic moment induced in Au from the hybridization with Fe
is one order of magnitude lower than the one induced in Pt-
based nanoalloys (FePt and CoPt), it remains sizeable and could
play a role in magneto-plasmonic effects for instance. Note that
in this size range, equiatomic core-shell structures are the most
promising because the polarization of the noble metal is
expected to be maximum with one monolayer of noble metal at
the surface.

CoAu can also be produced by LECBD and promising results
have already been obtained. In this system, where the two
elements are immiscible, it is expected that gold will segregate
at the surface. In agreement with theoretical calculations™", a
Co@Au core/shell structure is indeed observed after annealing
(see Fig. 3.1). However, disordered alloys (which can be
inhomogeneous) may exist for as-prepared particles that can be
trapped in a metastable state. Such an alloy does not exist for
the bulk and should therefore present original properties
(magnetic and magneto-optic).

This journal is © The Royal Society of Chemistry 2012
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Fig. 3.2: TEM (a), XPS features of Fe-2p (b) and Au-4f (c)
experiments performed on uncoated FeAu NPs annealed in
oxygen at 250°C.

The impact of the particles’ environment is critical in the case
of core/shell particles: a reverse structure can be formed by
changing the atmosphere or matrix leading for instance to
Au@Fe,O, or Au@Co,O, NPs 808182838485 Namely, we have
observed that the bare FeAu NPs (i.e. unprotected against
exposition to air) display a Au@Fe,O; core/shell morphology.
For uncoated NPs, we have performed HRTEM and XPS
observations where we clearly detect a pure metallic Au core
and hematite (0-Fe,O;) shell morphology (see Figure 3.2). In
this case, as the hematite phase is an AFM iron oxide, no
magnetic signal is expected, contrary to ref *. The use of an
oxide matrix, such as MgO, also has a drastic effect on the
chemical arrangement, as compared to the more inert carbon
matrix. In the case of FeAu NPs embedded in MgO matrix, we
performed EXAFS experiments at both Fe K-edge and Au L-
edge and found that more than the half of iron atoms is in
contact with oxygen of the MgO matrix while the majority of
gold are in homogeneous Au-Au environment. This preliminary
result confirms that the segregation of iron atoms at the surface
of nanoalloy is promoted in this case by their greater oxygen
chemical affinity compared to the non-oxydizing gold atoms.
This illustrates that the oxidation of the magnetic elements
could be an extrinsic drawback for magneto-plasmonic
application (the transparent dielectric matrix has to be chosen
with care) but it also shows how playing with the NPs’
environment can offer additional ways to tailor the structural
and magnetic properties. Further investigations along this route
will enable a better control of these complex nanosystems.

Conclusions

In summary, we have demonstrated that for small size alloyed
NPs specific relaxations play an important role in governing
and defining the structural and magnetic properties. We put in
evidence the effects of finite size, alloying as well as chemical
ordering on the intrinsic magnetic properties of CoPt and FeRh
nanoalloys. In addition, active research on both nanoalloys
(FeCo, FePt, etc...) as well as nanohybrids (CoAu, FeAu, etc...)
is underway, with the advantage in terms of functionalization
and consequently potential applications.
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