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The intrinsic magnetic properties of nanoparticles can be accurately determined using highly
dispersed nanoparticles in a matrix. In this paper, we study chemically ordered CoPt and FePt
nanoparticles with a diameter of 3 nm embedded in an amorphous carbon matrix. Although both
alloys exhibit almost the same magnetic and crystallographic properties in the bulk materials, they
are completely different as nanoparticles. We show that their magnetic anisotropy differs greatly.
In order to understand the origin of such a difference a fine crystallographic structure study has
been performed using EXAFS. In that respect, the atomic relaxations appear to be different in both
nanoalloys. Ab initio calculations of the atomic relaxation shed light on these experimental results,
showing that the wide distance distribution in Co sub-lattice should strongly alter the magnetic
anisotropy of CoPt nanoparticles.

I. INTRODUCTION

Magnetic nanoalloys are currently of great interest
in a wide range of disciplines, including magnetic flu-
ids, catalysis, biotechnology, biomedicine, magnetic res-
onance imaging, data storage, and environmental reme-
diation [1–14]. In order to use magnetic nanoparticles in
any kind of application it is necessary to know their mag-
netic properties, in particular their magnetic anisotropy
energy. Otherwise, the small size of particles can be
boon and bane, since the nanoparticles’ magnetization
direction can rapidly switch due to thermal fluctuations,
which is the so-called superparamagnetic limit. The
blocking temperature TB is the parameter used to sepa-
rate the blocked (low temperature) and the superparam-
agnetic regime (high temperature). TB is directly propor-
tional to the magnetic anisotropy energy ∆E which can
be expressed in terms of the anisotropy constant K and
the particle volume V through the well known following
relation TB ≈ ∆E/25kB with ∆E = KV [15].

In the bulk L10 phase CoPt and FePt alloys exhibit
similar magnetic and structural properties [16]. Indeed,
the tetragonalization of the unit cell as measured by the
c/a ratio is almost the same (c/a ≈ 0.97) and their uni-

axial anisotropy constants are KCoPt = 5 MJ.m−3 and
KFePt = 7 MJ.m−3 [17]. These extremely high uniaxial
anisotropies are observed in the periodic solid due to the
stacking of Co (or Fe) and Pt atomic planes along the
(001) direction. In that respect, CoPt and FePt alloys
in chemically ordered L10 phase, are some of the best
candidates to reach a sufficiently high blocking temper-
ature at the nanoscale, and thus to be used in magnetic
applications.

In this context, there has been considerable progress
in the synthesis procedures of FePt [11, 18] and CoPt
[19–25] L10 nanoparticles. Chemical ordering is often
obtained by annealing, which goes with problems of pol-
lution or coalescence. As a consequence it is a very diffi-
cult task to ensure that chemically ordered nanoparticles
do not coalesce and do not interact with each others.

The main goal of this work is then to determine and
compare the intrinsic magnetic anisotropy constant of
CoPt and FePt nanoparticles, and to understand the pos-
sible origin of any significant difference. For this purpose
we have elaborated similar samples made of chemically
ordered nanoparticles with negligible magnetic interac-
tions. The present article is made up of six sections.
After a section briefly describing the sample preparation
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and demonstrating the negligible magnetic interactions
between nanoparticles (section II), we verify, using high
resolution transmission electron microscopy (TEM), the
chemical ordering after annealing (section III). In section
IV, the nanoparticles’ intrinsic magnetic properties are
accurately determined thanks to a global fit of various
magnetic measurements.

The magnetic properties are then linked to the atomic
structure using extented X-ray absorption fine structure
(EXAFS) experiments and modeling in section V. Fi-
nally, the major influence of atomic relaxations is inferred
from ab-initio calculations in section VI.

II. SAMPLE PREPARATION

The alloy nanoparticles (NPs) are synthesized using
the Mass Selected Low Energy Cluster Beam Depo-
sition (MSLECBD) technique that allows us to grow
thin films of pre-formed nanoparticles deposited on a
substrate[26, 27]. In the following we give a short descrip-
tion of this technique. Clusters are produced in a laser
vaporization-gas condensation source. First, a plasma is
created by the impact of a Nd:YAG (yttrium-aluminum-
garnet) laser beam focused on a CoPt or FePt rod, and
thermalized by injection of a continuous flow of helium
at low pressure (typically 30 mbar) which induces the
NPs growth. Second, the NPs are stabilized and cooled
down in the supersonic expansion which takes place at
the exit nozzle of the source. NPs are Mass-selected
by an electrostatic quadrupole, and transferred to an ul-
trahigh vacuum chamber (base pressure of 10−10 mbar)
where they are deposited at low kinetic energy together
with carbon atoms onto a carbon buffer. In this physical
process, the mean cluster’s composition is then directly
the rod’s composition . The distribution of composition
is only statistical and depends on the number of atoms
in the nanoparticles [28–31]. Whereas in FePt NPs pre-
pared by chemical way, the L10 order cannot be achieved
for particles smaller than 3 nm [32], in physical way the
chemical order have been observed in particles with a di-
ameter close to 2 nm [28, 33]. Both 2D-TEM grids and
3D-diluted samples have been prepared. The 3D samples
used in magnetometry and EXAFS measurements have a
concentration of only 0.5 % vol. in order to avoid coales-
cence and to keep the magnetic interactions negligible.
Copper grids coated by a thin amorphous-carbon layer
for TEM and high resolution transmission electron mi-
croscopy (HRTEM) observations, and silicon substrates
for magnetic measurements have been used.

Size distribution

The probability density function (PDF) of the di-
ameter of mass selected clusters follows a Gaussian

FIG. 1. IRM(H), DcD(H) and ∆m performed at T = 2 K of
the CoPt and FePt samples before and after annealing.

distribution[34, 35]. In the present case, PDFs of the
incident CoPt and FePt clusters have been deduced
from TEM observations. The NPs mean diameter are
DCoPt = 3.2 nm and DFePt = 3.4 nm with a relative
standard deviation σD/D = 0.08 for both CoPt and FePt
NPs. Let us remind the reader that as-prepared nanopar-
ticles are in the A1 chemically disordered phase [28]. To
promote the chemically L10 ordered phase the samples
have to be annealed at 600 ◦C during two hours.

Magnetic interactions

All magnetic measurements have been performed in
a commercial superconducting quantum interference de-
vice (SQUID) magnetometer (Quantum Design MPMS
5XL) at various temperatures. Isothermal remanent
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magnetization (IRM) together with direct-current de-
magnetization (DcD) curves at low temperature have
been used to detect the magnetic interactions between
nanoparticles[36, 37].

In the IRM(H) measurement the NP assembly is de-
magnetized by zero field cooling from the superparam-
agnetic regime. Then, a magnetic field H is applied and
removed: We acquire the isothermal remanent magnetic
moment. By successively increasing H and remove it,
we finally obtain a full IRM(H) curve. The maximum
of the IRM(H) curve is the remanent magnetic moment
mR also measured in the hysteresis loop. In the DcD(H)
measurement the process is exactly the same, the only
difference comes from the initial state which is mR (the
maximum of the IRM(H)). These two kinds of mea-
surements, where the only difference is then the initial
magnetic configuration, probe the irreversible magneti-
zation switching [38], it means that there is no effect
of superparamagnetic particles, diamagnetic substrate
or paramagnetic impurities for instance. Moreover the
IRM(H) and DcD(H) are also used to characterize the
nature of interactions via the well known parameter ∆m
= DcD(H) - [mR - 2 IRM(H)]. This parameter should
be close to zero when interparticle interraction are negli-
gible [36, 37, 39–41]. The IRM, DcD and ∆m curves for
CoPt and FePt NP assemblies are given in fig. 1 before
and after annealing. There is no detectable magnetiz-
ing (∆m > 0) or demagnetizing (∆m < 0) interactions
in as-prepared and annealed nanomagnets, showing that
clusters remain well separated inside the matrix even af-
ter annealing.

III. CHEMICAL ORDERING

The samples are characterized by TEM in a high res-
olution mode (HRTEM). In addition to a JEOL 2010F
microscope (operating at 200 kV and with a field emis-
sion gun), we have used a FEI Titan 80–300 microscope
operating at 300 kV with a field emission gun and a Cs
corrector for the objective lens. This yields HRTEM im-
ages with highly improved spatial resolution [42]. Both
for annealed FePt and CoPt, we observe NPs with a sin-
gle chemically ordered domain all along the nanoparticle
(see fig. 2 (a) and (c)).

These monodomain NPs will be refered to as ”mono−
L10” particles in the following sections. The chemical or-
der parameter (S) of ”mono−L10” CoPt particles, with
a diameter close to 3 nm, has been previously evaluated
by HRTEM and simulations (S ∈ [0.85, 1])[43].

We also observe chemical order in particles consisting
of more than one crystalline domain. As an example
we can observe in fig. 2 (b) a CoPt nanoparticle where
the L10 order is clearly visible on top with a L10 domain
(where d001 is shown) which is not extending to the entire
particle. However the zone where d110 is shown is also

FIG. 2. HRTEM images of L10 (a) mono-domain and (b)
multi-domain CoPt particles. HRTEM images of L10 (c)
mono-domain FePt particle and (d) FePt particle exhibiting
two L10 domains joined by a (111) twin. Note that the (001)
and (110) periodicity are the signatures of L10 chemical order.

chemically ordered but along a different direction.

(111) twins as displayed in fig. 2 (d) can lead to the ob-
servation of different orientations of L10 chemical order.
We also observe decahedral particles, made of five L10
domains joined by (111) twin, and even icosahedral par-
ticles. Several theoretical investigations have predicted,
for NPs smaller than 3 nm, the stability of these exotic
structures displaying at the same time a fivefold symme-
try and a chemical order [44–46].

All these particles, which are chemically ordered but
with two or more L10 domain orientations, will be refer-
eed to as ”multi−L10” in the following sections. More in-
formations about the chemical ordering of such nanopar-
ticles can be found in [33].

The statistical abundance of each type of structure
cannot be determined precisely using HRTEM[33]. Nev-
ertheless, we are able to observe mono − L10 particles
in both CoPt and FePt nanoalloys. From a magnetic
point of view, it is expected that the uniaxial magnetic
anisotropy of multi domain decahedral, icosahedral or
twinned particles, despite the fact that they are all com-
posed of ordered domains, will be lower than the uniaxial
magnetic anisotropy of mono−L10 domain particles. In
fact, locally, the orientation of the easy and hard axes
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within each domain should be different. We can then an-
ticipate at least two different magnetic behaviours in such
samples composed of chemically ordered nanoparticles,
the first one due to the mono−L10 NPs and the second
one due to the multi− L10 NPs. In addition, we expect
a significant anisotropy constant dispersion reflecting the
variety of atomic arrangements in NPs[29].

IV. MAGNETIC PROPERTIES

The high temperature (T = 300 K) and low tempera-
ture (T = 2 K) magnetization loops, ZFC/FC suscepti-
bility curves, as well as the IRM (2 K) curve are shown
in fig. 3 for CoPt and FePt clusters before and after an-
nealing. All the ZFC/FC curves display the characteris-
tic behaviour of an assembly of magnetic nanoparticles,
namely a crossover between the blocked regime and the
superparamagnetic regime.

At first glance, and for the as prepared samples (fig. 3
(a) and (c)) all the magnetic curves appear very similar
for CoPt and FePt NPs. The magnetic characteristics of
these fcc A1 clusters [28] seem to be almost the same,
irrespective of chemical composition. After chemical or-
dering, the magnetic properties of CoPt NPs display a
moderate change (fig. 3 (b) to compare to (a)). In par-
ticular the temperature corresponding to the maximum
of the ZFC curves increases, as already observed in CoPt
NPs with a larger size dispersion [28]. In contrast, for
FePt clusters, the magnetic behaviour drastically changes
upon annealing (see fig. 3 (c) and (d), note that the axis
scales are different). The shape of the ZFC/FC curves
(fig. 3 (d)) indicates the presence of a large distribution
of magnetic anisotropy energies as the splitting tempera-
ture between ZFC and FC is very high (180 K) compared
to the maximum of the ZFC (Tmax = 60 K).

A more quantitative analysis is possible thanks to a
previously developed theoretical framework enabling a
global fitting procedure of the entire set of magnetic
measurements [47–50]. In this way the magnetic mea-
surements can be reproduced with a limited number of
parameters which describe the nanomagnets regarded as
non-interacting macrospins. These are the magnetic size
distribution (Gaussian with an average diameter D and
a standard deviation σ), the first order anisotropy con-
stant distribution (assumed to be Gaussian [49] with an
average anisotropy constant K1 and a standard devia-
tion σK1

) and the biaxial anisotropy ratio K2/K1. Such
biaxial description is used to reflect the non ideal mor-
phology of the nanoparticles [48, 51]. The actual global
fits are presented in figure 3 for each sample by the red
solid curves. The corresponding fitting parameters are
summarized in Table I.

The chemically disordered CoPt and FePt A1 NPs ex-
hibit identical magnetic properties within the experimen-
tal uncertainty. The mean anisotropy constant K1 and

the K2/K1 ratio are almost the same as those measured
in pure fcc Co NPs [52]. In fact, both CoPt and FePt
A1 NPs behave similarly as fcc Co particles, where the
biaxial contribution and the value of K1 can be explained
by the presence of additional or incomplete facets at the
surface of the particles [50, 53–55]. This shows that be-
fore annealing the magnetic anisotropy of the chemically
disordered particles is dominated by the shape and the
surface structure.

Let us remind the reader that after annealing HRTEM
study has previously shown monodomain L10 (mono −
L10) NPs and multidomain L10 (multi − L10) NPs in
both CoPt and FePt alloys.

First we will discuss the magnetic properties of FePt
NPs after annealing and then the annealed CoPt NPs.
For the annealed FePt NPs we use a bimodal anisotropy
constant distribution in order to reproduce accurately the
experimental curves (table I and figure 4 where two peaks
are presents). If we use only one large anisotropy con-
stant distribution (gaussian or log-normal) some impor-
tant points of the curves (merging point between the ZFC
and FC, or narrowing of the hysteresis loop at m = 0)
are not reproduced. The simplest distribution which al-
lows to perform a satisfactory fit is a bimodal gaussian
anisotropy constant distribution.

Motivated by the HRTEM observations of both mono-
domain (mono − L10) and multidomain (multi − L10)
FePt NPs, we consider that each of these types of
structure should have its own anisotropy constant dis-
tribution. Then, the mean anisotropy constant of the
multi − L10 FePt NPs is around 400 kJ.m−3, whereas
mono− L10 FePt NPs exhibit a strong mean anisotropy
constant around 1.1 MJ.m−3.

Note that 30 % of the FePt NPs exhibit an anisotropy
constant (K1) higher than 1 MJ.m−3 and the switching
field of some L10 FePt clusters is higher than 2 T (fig. 3
(d)). In addition, the K2/K1 ratio is lower for the FePt
mono− L10 NPs (K2/K1 = 0.3) . This feature suggests
that, for the FePt mono − L10 NPs, the principal con-
tribution to the magnetic anisotropy energy comes from
the L10 stacking (shape and faceting lead to a biaxial
anisotropy[50, 51, 53, 54])).

After annealing, the CoPt magnetic anisotropy slightly
increases [28], which is visible as Tmax and µ0Hc enhance-
ments (fig.3). This feature is attributed to the chemical
ordering. The K2/K1 ratio is almost the same (table I),
which suggests that the magnetic anisotropy still reflects
the surface contributions. However, the most important
difference between annealed CoPt and FePt NPs is that
only one Gaussian anisotropy constant distribution is
necessary in order to reproduce all the magnetic mea-
surements performed on the annealed CoPt NPs (see fig-
ure 4). These features indicate that magnetic anisotropy
constants of mono− L10 and multi− L10 CoPt clusters
are similar. In all the magnetic measurements there is no
sign of a high magnetic anisotropy in chemically ordered



5

FIG. 3. Experimental (black dots) and simulated (red solid lines) ZFC/FC curves, superparamagnetic magnetization loop at
300 K (in inset), IRM curve and hysteresis loop at 2 K, for CoPt (a,b) and FePt (c,d) clusters before annealing (a,c) and
after annealing (b, d). Taking into account a second order anisotropy term K2 and a distribution of anisotropy constant K1 is
necessary in order to accurately simulate all the curves. Note that the horizontal scales are different for annealed FePt clusters
(d).

CoPt NPs.
As already mentioned, in bulk material the anisotropy

constant is 5 and 7 MJ.m−3 [17] (and references therein)
respectively for CoPt and FePt L10 alloys. Even for the
mono − L10 FePt NPs, the magnetic anisotropy (K1 =

1.1 MJ.m−3) is reduced compared to the bulk. Some
theoretical studies, performed on perfect CoPt and FePt
L10 nanoparticles, have shown that for small sizes the
magnetic anisotropy constant should slightly decrease
[56–58]. In fact, cluster surface breaks the L10 period-
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FIG. 4. Magnetic anisotropy distribution of the A1 and L10

particles, as deduced from magnetic measurement fits.

icity which implies a decrease of the uniaxial magnetic
anisotropy.

Finally the determination of the magnetic proper-
ties leads to a major question: Why is the magnetic
anisotropy magnitude comparable in multi − L10 and
mono − L10 CoPt NPs whereas it is possible to distin-
guish two different magnetic behaviours in FePt?

IV. ATOMIC FINE STRUCTURE

In order to answer these questions, we have performed
extended X-ray absorption fine structure (EXAFS) mea-
surements on the annealed CoPt and FePt particles.
XAS at the Co-K, Fe-K and Pt-L edges have been per-
formed at room temperature on the CRG BM30b-FAME
[59] and ID12 beamlines [60] of the ESRF. A quantitative
EXAFS analysis is performed by fitting the k2-weighted
function χ(k) to the standard EXAFS formula, using the
Artemis software [61] and focusing on the nearest neigh-
bours (NN) contribution. Debye-Waller (DW) parame-
ters are used to account for bond-length dispersion. The
edge energy is allowed to slightly vary for the different
samples but is taken to be the same for the Pt, Co and
Fe neighboring shells. The experimental and adjusted
curves are presented figure 5 and the best fits values are
summarized in table II.

A transition metal (TM) atom is surrounded by NTM

atoms at a distance dTMTM and NPt platinum atoms at
a distance dTMPt. As expected from the HRTEM obser-
vations, the ratios NPt/NTM = 2 at the TM edges and
NTM/NPt = 2 at the Pt edges, corresponding to chemi-
cally ordered NPs, allow us to adjust quasi-perfectly the
experimental measurements (figure 5). This results cor-
roborates, on the NPs assemblies, the observations per-

FIG. 5. Comparison between the experimental EXAFS signal
(dots, contribution of the nearest neighbours (NN) peak only)
and simulated curves (solid lines) at the Co-K edge a), Fe-
K edge c) and at the Pt-L edge b) and d) obtained on the
chemically ordered CoPt and FePt particles.

formed in HRTEM.

Interestingly, the deduced from fits DW parameter is
unusually large (≈ 10−2Å2 mean square relative displace-
ment) for the TM-TM, TM-Pt and Pt-Pt bonds which is
the signature of a significant dispersion of NN distances
[62].

As shown in table II, the TMPt distances are dif-
ferent from the dTMTM and dPtPt, which are them-
selves different, contrary to the bulk crystal (where
dTMTM and dPtPt are equal). Then two apparent c/a
tetragonalization ratios can be inferred from these dis-
tances, assuming a face-centered tetragonal (fct) crys-
tal structure: (c/a)TM =

√
2(dTMPt/dTMTM)2 − 1 and

(c/a)Pt =
√

2(dTMPt/dPtPt)2 − 1. (c/a)TM can thus be
evaluated from distances around the TM atoms, while
(c/a)Pt is calculated from distances around the Pt atoms
(see table II). In the bulk crystal, both approaches
are the same, but in NPs, the values inferred from EX-
AFS measurements reflect the local environment around
a given type of atom. The fact that there are two dif-
ferent apparent c/a means that the perfect crystalline
structure is perturbed [63, 64].

Strikingly, the Co environment corresponds to an ap-
parent tetragonilization opposite to the bulk (c/a > 1,
remember that the c/a ratio in the bulk L10 CoPt and
FePt are almost similar and approximatively equal to
0.97 [65]). For FePt we also find a larger apparent c/a
around Fe atoms (c/a ' 1) even if the difference between
the values deduced from both absorption edges is smaller
than in CoPt NPs. This shows that the atomic relax-
ation is more pronounced in CoPt than in FePt NPs: In
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Sample Tmax(K) µ0Hc(mT) D(nm) σ/D K1(kJ/m3) σK1/K1 K2/K1

As-prepared CoPt 19 0.13 3.2 ± 0.2 0.10 ± 0.02 200 ± 20 0.44 ± 0.15 1.2 ± 0.2
Annealed CoPt 22 0.18 3.2 ± 0.2 0.10 ± 0.02 330 ± 30 0.47 ± 0.15 1.2 ± 0.2
As-prepared FePt 22 0.12 3.5 ± 0.2 0.10 ± 0.02 210 ± 20 0.32 ± 0.15 1.0 ± 0.2
Annealed FePt 55 0.37 3.5 ± 0.2 0.10 ± 0.02 400 ± 40 0.35 ± 0.15 1.0 ± 0.2

1100 ± 150 0.35 ± 0.15 0.3 ± 0.2

TABLE I. For each sample, ZFC peak temperature (Tmax), low temperature coercivity (µ0Hc), median magnetic diameter
(D) and dispersion parameter (σ) of the Gaussian particle size distribution, median anisotropy constant (K1) and standard
deviation (σK1) of the anisotropy constant distribution, and biaxial anisotropy ratio K2/K1 determined by a global fit of the
ZFC/FC suscpetibility curves, low temperature IRM curve and m(H) loops at 2 K and 300 K. The clusters magnetizations
have been deduced from XMCD measurements [31], i.e. 106 and 1.28.106 A.m−1, respectively for CoPt and FePt clusters.

other words, the atomic structure of small FePt clusters
is closer to a bulk L10 crystal than for CoPt clusters. Let
us emphasize that EXAFS measurements only probe the
local environment and, despite they bear the signature
of chemical L10 order, they cannot discriminate between
mono− L10 and multi− L10 NPs.

The different relaxation magnitude in CoPt and FePt
NPs suggests that the different magnetic anisotropy
properties identified in section III could result from a
local modification of the tetragonilazation (c/a ratio).
Some theoretical bulk calculations have already corre-
lated the c/a ratio, the degree of chemical order and the
magnetic anisotropy energy [66–69]. It has been shown
that a modification of the c/a ratio in a range as the
one deduced from EXAFS (see table II) only has a weak
influence on the magnetic anisotropy.

We can then argue that the different local tetragonal-
ization in CoPt versus FePt NPs does not seem to be
the reason of the different magnetic behaviour in both
nanoalloys. In order to get a deeper understanding of
the relaxation effects, we have performed first-principles
calculations.

Sample dTMTM dTMPt dPtPt c/a
(nm) (nm) (nm)

Co edge 0.257 0.262 1.04±0.02
CoPt

Pt edge 0.262 0.271 0.93±0.02
Fe edge 0.263 0.263 1.00±0.02

FePt
Pt edge 0.263 0.270 0.95±0.02
0.272

TABLE II. For each annealed sample, distances between near-
est neighbours deduced from the EXAFS fits and apparent
c/a ratios (see text).

V. STRUCTURAL RELAXATION
CALCULATIONS

The calculations have been performed by using the Vi-
enna ab initio simulation package [70, 71] which imple-

ments Hohenberg-Kohn-Sham’s density-functional the-
ory (DFT) on a periodic supercell and allows fully
self-consistent unconstrained structural relaxations. It
should be however noted that our goal cannot be to
explain or reproduce the experimental EXAFS results
in their full extent. In fact the EXAFS experiment is
performed on a very large variety of chemically ordered
nanoparticles (monodomain, multidomain, icosahedral,
...(see section II)) and therefore reflect only a mean value
of the apparent tetragonalization which can be different
for individual structure.

Sample dTMTM dTMPt dPtPt c/a
(nm) (nm) (nm)

Co sites 0.264 0.264 1.00
CoPt

Pt sites 0.264 0.270 0.95
Fe sites 0.270 0.267 0.98

FePt
Pt sites 0.267 0.273 0.96

TABLE III. Average interatomic distances and “apparent”
c/a ratios (see text) for relaxed L10 CoPt and FePt clusters
having 586 atoms, as obtained from DFT calculations.

We have then performed a first-principles theoretical
study of the structure of monodomain L10 CoPt and
FePt particles. The assumed particle geometries are per-
fect truncated octahedra having 38, 201 and 586 atoms.
The truncated octahedron is a equilibrium shape pre-
dicted by Wulff theory and even if the actual struc-
ture of some particles may be different, we expect that
the atomic relaxation mechanism are robust enough to
give insight both for mono− L10 and multi− L10 NPs.
Moreover the most intriguing magnetic feature concerns
mono − L10 particles (which for CoPt, seems to have a
much lower anisotropy than for the bulk).

Table III compares the mean interatomic distance in
chemically L10 ordered CoPt and FePt truncated octahe-
dron with 586 atoms. The mean TM nearest neighbour
bonds is shorter than the Pt ones leading to a structural
stress, and we find that a finite TMPt cluster can be
more easily distorted by moving the TM atoms. This ef-
fect is particularly strong in the CoPt alloy (see figure 6).
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FIG. 6. Comparison between the “apparent” c/a ratios for the
MT and Pt sites. N represents the number of atoms used to
build perfect truncated octahedrons (N1/3 periodicity). The
lines are drawn to guide the eye. The dashed line represents
the c/a ratio in the L10 bulk phase.

Following the EXAFS analysis, we can compute an “ap-
parent” c/a, which is here defined around the two types
of atoms by using the average nearest neighbour TMPt
and either PtPt or TMTM distances. This quantity is
then a ratio of mean values, rather than a mean local
tetragonalization.

The “apparent” c/a ratios at the TM sites are obvi-
ously different in both alloys, whereas the “apparent”
c/a ratio at the Pt sites is almost the same. The relax-
ation effect is clearly less significant in FePt nanoparti-
cles. This feature is in agreement with the conclusions
deduced from experimental EXAFS results. The “ap-
parent” c/a ratio appears to be a simple tool in order
to qualitatively compare EXAFS results and theoretical
investigations but it does not reflect the full complexity
associated with atomic relaxations in finite size clusters.
In particular it would be too simplistic to conclude that
the relaxation only induces a different local tetragonal-
ization in FePt and CoPt NPs. What is striking, more
than the deviation from the bulk value, is the large mag-
nitude of the “apparent” c/a difference between Co and
Pt sites. This is the signature of a strong relaxation, es-
pecially for Co atoms which means a significant breaking
of the L10 crystal symmetry.

To go further we plot in figure 7 all the NN’s dis-
tance calculated for clusters having 586 atoms. It be-
comes clear then, even if the mean distances are close
to the bulk values for both nanoalloys (see table III),
that the distributions of the dCoCo and dFeFe are com-
pletely different. The standard deviation of dCoCo is ex-
tremely large (σ(dCoCo) = 0.017 nm), whereas for FePt
NPs the distribution of both dFeFe and dPtPt are nar-
row (σ(dFeFe) = 0.004 nm). In fact, this appears to be

FIG. 7. NN’s distances obtained from calculations on chemi-
cally ordered CoPt and FePt nanoparticles (586 atoms) . The
arrows represent distances in the L10 bulk alloys. To facilitate
a clear comparison, the used scales are identical.

the major structural difference between both nanoalloys.
Although the particles are chemically ordered, atomic re-
laxation induces an important crystallographic disorder,
especially in the Co planes. The relaxed CoPt NPs struc-
ture is far from a perfect crystal [63]. Comparatively, we
find that in FePt NPs the behavior of Fe atoms is com-
parable to Pt atoms, with a moderate disordering.

This striking difference between CoPt and FePt NPs
should be reflected in their magnetic properties. We can
then infer that the reduced magnetic anisotropy in CoPt,
where even the presence of mono − L10 is not accom-
panied with a large anisotropy contribution, is due to
the specific finite size relaxation and more precisely to
the wide dCoCo interatomic distance distribution. Fol-
lowing this idea, since the atomic relaxation is lower in
L10 FePt NPs (narrower dFeFe distribution ), it allows
us to explain why the anisotropy of mono − L10 parti-
cles is so large (in the MJ.m−3 range). Besides, it should
be kept in my mind that for both FePt and CoPt, there
are many different NP geometries, in particular there ex-
ist multi − L10 particles which give a wide anisotropy
distribution centred around a similar value (K1 ' 350
kJ.m−3). Finally a complete and systematic theoretical
study of the magnetic properties in these relaxed struc-
ture needs to be done in order to fully understand the de-
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tailed mechanisms linking the atomic structure and the
magnetic anisotropy. Such a numerical investigation is
delicate and beyond the scope of the present article.

VI. CONCLUSION

The structure and magnetic properties of both chem-
ically ordered CoPt and FePt nanoparticles have been
investigated. Although they are very similar for the bulk
L10 phase, we find striking differences in terms of mag-
netic anisotropy. In particular, for FePt NPs a strong
anisotropy contribution (K1 = 1.1 MJ.m−3) can be at-
tributed to mono−L10 particles, whereas CoPt NPs ex-
hibit a much reduced magnetic anisotropy (K1 = 330
kJ.m−3) even if mono− L10 particles are also observed.
From an application point of view, if the goal is to obtain
a strong anisotropy, a strong switching field and a high
blocking temperature, then FePt appears to be preferable
to CoPt.

EXAFS measurements have been used to determine
the atomic structure of annealed CoPt and FePt NPs.
We find that the NPs are chemically ordered, but with
different apparent tetragonalization ratios. DFT calcula-
tions on relaxed mono − L10 truncated octahedral clus-
ters shed light on the finite size atomic relaxation ef-
fects: The L10 crystalline order is disturbed, especially
in CoPt NPs where we find a wide dCoCo interatomic dis-
tance distribution. This feature, which is absent in the
case of FePt NPs, could explain the major anisotropy dif-
ference between both nanoalloys. Additional finite size
effects, namely the existence of numerous particle geome-
tries with potential strain, defects, and surface disorder
[72, 73], may play a role in the magnetic anisotropy re-
duction compared to the bulk, as well as in the differ-
ence between FePt and CoPt alloys. Further progress
requires a systematic and profound theoretical investi-
gation to relate the magnetic properties to the detailed
atomic structure.
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