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ge-coupled L10-FePt/Co core-
shell nanoparticles with variable Co thickness†

Xin Liu, Shulan Zuo, Hui Wang, Tianli Zhang, Ying Dong and Chengbao Jiang*

Exchange-coupled core–shell nanoparticles are expected to be the new generation of permanent

magnets, where the orientation of the hard magnetic phase is supposed to play a key role in improving

their magnetic performance. In this work, L10-FePt/Co core–shell nanoparticles with Co thickness

ranging from 0.6 to 2.2 nm have been synthesized by a seed-mediated growth method. The exchange

coupling effect between the hard core and soft shell led to a 60% improvement of the maximum

magnetic energy product ((BH)max), compared with the pure L10-FePt core. By tuning the amount of

precursor, nanoparticles with different Co shell thicknesses were synthesized. Furthermore, the L10-

FePt/Co core–shell nanoparticles were dispersed in epoxy resin and oriented under an external

magnetic field. The (BH)max of the anisotropic nanocomposite magnet with a Co thickness of 1 nm is 7.1

MGOe, enhanced by 117% compared with the isotropic L10-FePt magnet, which paves the way for the

development of high-performance permanent magnets for energy conversion applications.
Introduction

Over the past few decades, the growing demands for motors
applied in electric vehicles and wind-driven generators have
impelled the improvement of the maximum magnetic energy
product ((BH)max) of permanent magnets.1–4 Conventional high-
performance permanent magnets such as Nd2Fe14B and
Sm2Co17 are increasingly constrained by the scarcity of rare
earths.5–7 Consequently, there is a need to exploit an alternative
magnet.8–10 The exchange-coupled nano-magnets with the
advantages of both hard and so magnetic phases have the
potential to achieve high (BH)max with little or even no rare
earth.11–13 Since Skmoski and Coey predicted that the (BH)max of
exchange-coupled magnets could reach 120 MGOe in 1993,14

considerable efforts have been made to improve (BH)max of
exchange coupled magnets. However, the practical (BH)max is
far below the theoretical prediction up to now. For achieving
performance breakthroughs, the orientation of the hard
magnetic phase is considered to be an effective method.

Hard magnetic L10-FePt nanoparticles prepared by the wet
chemical method15–18 have large magnetocrystalline anisotropy,
small superparamagnetic critical size, controllable shape,
catalytic activity, and can be aligned by a magnetic eld.19,20

They are oen used as building blocks of exchange-coupled
magnets such as FePt/Fe3Pt,21,22 FePt/Co,23–25 FePt/Fe,26 FePt/
FeCo,27,28 and FePt/Fe3O4.15,23,29,30 Exchange-coupled FePt/Co
, Beihang University, Beijing 100191, P. R.

tion (ESI) available. See DOI:

3

core–shell nanoparticles with controllable Co thickness was
prepared by Liu et al. for the rst time,23 where the introduction
of the so phase increased the saturation magnetization (Ms) of
the nanoparticles. However, compared with L10-FePt nano-
particles, due to the exchange coupling effect, the hardness of
L10-FePt/Co core–shell nanoparticles is reduced, which makes
the orientation of nanoparticles difficult.31 Our previous work
shows that L10-FePt/Co nanoparticles can be aligned under
amagnetic eld, but themagnetic shielding effect caused by the
agglomeration of nanoparticles hindered the process of
orientation.25

In this work, Co was chosen for its high Ms to construct the
exchange-coupled core–shell nanoparticles with L10-FePt. The
(BH)max of L10-FePt nanoparticles can be increased to a certain
extent by Co coating. But the introduction of somagnetic phase
makes the orientation of nanoparticles difficult. Therefore, we
need to nd a critical point where the orientation of the nano-
particles is not so difficult, but also allow a certain increase in
magnetic remanence, and nally the maximum (BH)max was
obtained. This needs to nd the best thickness value by adjusting
the thickness of Co. In this work, different thicknesses of Co shell
were coated on the surface of the L10-FePt nanoparticles by seed-
mediated growth method.25 Furthermore, the anisotropic
magnets were prepared by xing the L10-FePt/Co core–shell
nanoparticles in uncured epoxy resin under an external magnetic
eld, where the agglomeration problem was solved by the
method proposed in our last work.19 The nanoparticles with
different Co thicknesses were prepared to study the orientation of
exchange-coupled nanoparticles. The (BH)max of 7.1 GMOe is
obtained in the anisotropic L10-FePt/Co magnet with a Co
thickness of 1 nm, topping out at 217% of the isotropy magnet.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 TEM and HR-TEM images of (a), (b) L10-FePt nanoparticles, and
the core–shell nanoparticles with (c), (d) 1 nm and (e), (f) 2.2 nm Co
shell. The d-spacings are marked according to the indicated phases,
L10-FePt (red), Co (white).
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Experimental
Materials

Platinum acetylacetonate [Pt(acac)2, purity 97%], magnesium
acetylacetonate [Mg(acac)2$2H2O, purity 98%], cobalt acetyla-
cetonate [Co(acac)2, purity 97%], oleylamine (OAm, 70%) and
oleic acid (OA, 90%) was purchased from Sigma Aldrich. Pen-
tacarbonyl iron [Fe(CO)5 purity 99%], nitric acid(HNO3,
concentration 68%), methylbenzene(purity 99%) and absolute
ethyl alcohol was purchased from Beijing Chemical Works. All
chemicals were used as received.

Preparation of L10-FePt/Co core–shell nanoparticles

Synthesis of fct-FePt/MgO nanoparticles. L10-FePt nano-
particles were synthesized by using the method reported by
Sun.32,33 It can be simply summed up as three steps. Firstly, fcc-
FePt nanoparticles were synthesized by a wet chemistry method
that involved decomposition and reduction of Pt(acac)2 and
Fe(CO)5. Secondly, by decomposing Mg(acac)2$2H2O, a Mg layer
was coated on the surface of fcc-FePt nanoparticles. The
unstable Mg was oxidized to MgO by the oxygen in the air.
Thirdly, the nanoparticles transform from the fcc phase to the
fct phase by annealing at 700 �C for 6 h.

Preparation of L10-FePt nanoparticles. 0.04 g L10-FePt/MgO
nanoparticles were ultrasonically dispersed in 50 ml alcohol
with the presence of OAm and OA. 2 ml HNO3 was then added
dropwise to remove MgO. The solution was ultrasonically stir-
red for 5 min and then was centrifugally cleaned by alcohol and
acetone 5 times. The obtained L10-FePt nanoparticles were
dispersed in 5 ml toluene added with OAm and OA as
surfactants.

Synthesis of L10-FePt/Co core–shell nanoparticles. For Co
layer thickness of 2 nm, the preparation method of L10-FePt/Co
nanoparticles was as follows. 0.06 g L10-FePt/MgO nano-
particles were acid pickled by 2 ml HNO3 in 50 ml alcohol with
the presence of OAm and OA. The sediment was centrifugal
cleaned by acetone 5 times, and then it was dissolved in 5 ml
toluene for later use. 11 mg Co(acac)2 was dissolved in 30 ml
OAm in a four ask. The solution was heated to 100 �C under
a ow of 5% H2 and 95% Ar, stirred constantly. L10-FePt/MgO
nanoparticles dispersed in 5 ml methylbenzene were injected
into the four asks. Aer toluene evaporation, the solution was
slowly heated to 300 �C and kept for 1 h. Then the solution was
cooled down to room temperature. The production was
centrifugally cleaned by acetone and alcohol 5 times. The L10-
FePt/Co core–shell nanoparticles were dispersed in 5 ml meth-
ylbenzene with the presence of OAm and OA.

Orientation

1 mg L10-FePt or L10-FePt/Co core–shell nanoparticles were
dispersed in 0.5 ml epoxy. Aer stirring for 1 h, 0.5 ml curing
agent was added to the mixture. Before the epoxy solidifying,
the composite was transferred into a permanent magnet's cavity
with a magnetic eld of 2 T. The anisotropic L10-FePt/Co-based
exchange-coupled nano-magnet was obtained aer the epoxy
solidied, as shown in Fig. S1.†
© 2022 The Author(s). Published by the Royal Society of Chemistry
Characterization

Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) imaging of nano-
particles were performed on a JEOL 2100F with an accelerating
voltage of 200 kV. TEM samples were prepared by dropping
toluene dissolved nanoparticles on the corban grids. The
magnetic properties of nano-magnets were evaluated using
a physical property measurement system (PPMS, Quantum
Design Co., Ltd, USA).
Results and discussion

L10-FePt nanoparticles were synthesized by a wet chemical
method. The decomposition of Fe(CO)5 and the reduction of
Pt(acac)2 led to the formation of superparamagnetic fcc-FePt
nanoparticles. The ferromagnetic fct-FePt nanoparticles were
obtained by annealing these fcc-FePt nanoparticles at
700 �C.32,34 To prevent the nanoparticles from oxidation, a shell
of MgO was coated on the fcc-FePt nanoparticle (see Fig. S2†).
Fct-FePt/MgO nanoparticles were obtained aer annealing and
were then acid-dipped to remove MgO and obtain fct-FePt
nanoparticles. As can be seen from Fig. 1(a) and (b), fct-FePt
nanoparticles are irregular spherical shapes and have an
average size of about 11 nm. It should be pointed out that the
RSC Adv., 2022, 12, 7568–7573 | 7569
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size of nanoparticles is smaller than the single-domain critical
size of FePt alloys (about 340 nm). The HRTEM image of fct-FePt
nanoparticles in Fig. 1(b) shows complete and transparent
lattice fringes with the fringe spacing of 0.22 nm, matching the
standard lattice spacing 0.22 nm of (111) planes for L10-FePt.
The XRD patterns, as shown in Fig. S3,† also suggest the
synthesis of L10-FePt. These facts indicate that the prepared
nanoparticles are single crystal and single domain L10-FePt
nanoparticles.

L10-FePt/Co core–shell nanoparticles were synthesized by the
seed-mediated method. The precursor Co(acac)2 was added and
acted as the Co source. The thickness of the Co layer was
determined by the addition amount of Co(acac)2. Fig. 1(c)–(f)
shows the TEM and HRTEM photographs of fct-FePt/Co core–
shell nanoparticles with different Co shell thicknesses. The
elemental mapping of L10-FePt/Co in Fig. S4† suggests that the
Co layer is coated on the L10-FePt core. The core–shell struc-
tures are revealed by contrast difference between the center and
the edge of nanoparticles in Fig. 1(c) and (e). The marked
fringes spacing of the shells in Fig. 1(d) and (f) are 0.21 nm,
corresponding to the interplanar spacing of fcc-Co (111) planes,
while the core of 0.22 nm is corresponding to L10-FePt (111).
Also, straight fringes indicate that the Co shell is epitaxial on
the core surface.

The amount of Co(acac)2 was taken as a variable to prepare
different L10-FePt/Co core–shell nanoparticles. Four samples
with the amount of Co(acac)2 of 3 mg, 5 mg, 11 mg, and 12.5 mg
were labelled as S3, S5, S11, and S12.5, respectively. In contrast,
the L10-FePt nanoparticles were denoted as S0. TEM images of
sample S5 and S12.5 are shown in Fig. 1(c)–(f), where the thick-
nesses of Co shells were measured to be 1.4 nm and 2 nm. The
Co shell thickness was a function of the amount of Co(acac)2,
and the calculated results are listed in Table 1.

L10-FePt/Co nanoparticle-based exchange-coupled magnets
were prepared by xing the core–shell nanoparticles in epoxy
resin, where nanoparticles were fully dispersed in epoxy to avoid
performance deterioration caused by agglomeration. The
hysteresis loops of the samples measured at 300 K are shown in
Fig. 2. L10-FePt nanoparticles without any Co coated layer
exhibit typical hard magnetic performance (Fig. 2(a)), where the
coercivity Hc reach up to 23.9 kOe and the saturation magneti-
zation Ms is 32.1 emu g�1.

For the core–shell nanoparticles, the Hc reduces with the
increase of Co thickness while the Ms is improved, as shown in
Table 1 The amount of Co precursor (Co(acac)2) added to the
samples and the corresponding Co thickness n and mass percentage
MCo/M

Sample
Co(acac)2
added, mg

Thickness
n, nm

MCo/M,
%

S0 0 0 0
S3 3 0.6 9
S5 5 1 17
S11 11 2 30
S12.5 12.5 2.2 33

7570 | RSC Adv., 2022, 12, 7568–7573
Fig. 2(a)–(e), where the hysteresis loop changes from a typical
hard type (Fig. 2(a)) to a so type (Fig. 2(e)). Although the
magnetic properties have changed, the hysteresis loops are still
smooth and continuous, which could account for that the
nanoparticles behave as a single-phase characteristic, demon-
strating the good coupling between the L10-FePt cores and Co
shells.35 The (BH)max of S3 with a thin Co shell is 4.9 GMOe, 48%
higher than that of sample S0 of 3.3 GMOe. However, magnetic
properties of L10-FePt/Co core–shell nanoparticles deteriorate
when the Co shells are too thick. For example, the (BH)max

decreases from 4.6 GMOe of S5 to 2.4 GMOe of S12.5.
Anisotropic exchange-coupled L10-FePt/Co nano-magnets

were prepared by orienting nanoparticles under an external
magnetic eld, in which OAm and OA were added to increase
the dispersibility. Aer the epoxy solidied, the easy axes of
nanoparticles would be aligned to the magnetic eld direction
as schematically shown in Fig. S1.†

The hysteresis curves of anisotropic nano-magnets were
shown in Fig. 2(f)–(j). The orientated samples made by nano-
particles with different Co thicknesses were correspondingly
labelled as S

0
0, S

0
3, S

0
5, S

0
11, S

0
12:5. The coloured curves and grey

curves in Fig. 2 were obtained by loading the measuring
magnetic eld parallel to and perpendicular to the easy axes of
nanoparticles, respectively. The distinction of the curves in
Fig. 2(f) intuitively demonstrated that the magnet has a signi-
cant anisotropy, a sign of successful orientation. When the
nanoparticles were coated with a Co shell (sample S

0
3), the Hc

declined slightly, and the Ms increased, as shown in Fig. 2(g).
Meanwhile, the distinction between the two curves was still
evident, indicating the good orientation of L10-FePt/Co core–
shell nanoparticles. Nanoparticles with thicker Co shells
exhibited gradually decreasing Hc and increasingMs. These two
curves gradually coincide as the Co shells getting thicker,
indicating the magnets tend to be isotropic.

Fig. 3 plots the magnetic properties of exchange-coupled L10-
FePt/Co nano-magnets. The degree of orientation (V1/V2) of
uniaxial permanent magnetic nanoparticles is closely related to
the remanence ratio (Mr/Ms) as expressed by the equation V1/V2
¼ 2Mr/Ms � 1. As shown in Fig. 3(c), the aligned samples exhibit
bigger Mr/Ms than the random ones due to the high degree of
orientation. However, Mr/Ms declines dramatically with
increasing Co shell thickness because the orientation becomes
difficult as the Co shell is thick. As shown in Fig. 3(d), the
(BH)max of both kinds of samples increases rst and then
decreases with Co layer thickness. It is well known that (BH)max

is determined by two factors, namely Ms and Hc. On the one
hand, when the Co shell is thin, the increase ofMs is dominant,
which leads to an increase in (BH)max. On the other hand, Hc

goes down rapidly with the increase of Co thickness, leading to
decreased (BH)max. Furthermore, the (BH)max of the orientated
samples is signicantly higher than that of the random sample.
The (BH)max of the oriented sample with a Co layer of 1 nm ðS0

5Þ
reaches 7.16 GMOe, more than twice as high as 3.3 GMOe of the
sample without orientation and Co shells. The (BH)max of
sample S

0
0, S

0
3, S

0
11 and S

0
12:5 are 5.88, 6.95, 5.45 and 2.2 GMOe,

respectively, which suggests that sample S
0
5 has the largest

(BH)max. This is because the increase of Co thickness can
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Hysteresis loops measured at 300 K of samples with different Co(acac)2. (a–e) Isotropic samples. (f–j) Oriented samples.

Fig. 3 Plotted curves of Hc, Ms, Mr/Ms, and (BH)max of exchange-
coupled nano-magnets with different Co thickness.

Fig. 4 The variation trend of the normalized effective anisotropy
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View Article Online
increase the (BH)max, but aer a certain point, further increase
in Co thickness will lead to orientation difficulties, and the
increase of Co itself will seriously deteriorate the coercivity,
resulting in a decrease in (BH)max. Therefore, when the Co layer
thickness is 1 nm, the performance of the sample exceeds
0.6 nm, 2 nm and 2.2 nm.

Based on the theoretical model of exchange-coupled
magnets proposed by Skomski and Coey,14 the theoretical
effective magnetic anisotropy constants Keff of the isotropic
samples could be expressed by the following formula,
© 2022 The Author(s). Published by the Royal Society of Chemistry
Keff ¼
ð
4*ðrÞK1ðrÞ4ðrÞdr ¼ hK1ðrÞi ¼ fsKs þ fhKh (1)

where fs and fh represent the proportion of so and hard
magnetic phases, respectively. Ks and Kh are the magnetic
anisotropy constants of the so and hard phases. Keff could be
calculated using the data in Table 1 according to eqn (1).
Besides, the experimental effective magnetic anisotropy
constants K

0
eff of the unoriented samples could be calculated by

the following formula,36

K
0
eff ¼ 230HcMs (2)

Here, the 30 is the permeability of the vacuum. To compare
the Keff and K

0
eff , Keff/K0 and K

0
eff=K

0
0 are plotted in Fig. 4, where

K0 and K
0
0 are the theoretical and experimental effective

magnetic anisotropy constants of the pure L10-FePt nano-
magnet, respectively. The Keff/K0 linearly decreases with the
increase of the Co shell thickness, while the variation of the
experimental K

0
eff=K

0
0 can be divided into two stages. At stage I,

when the Co shell thickness is less than 1 nm, the practical
constant.

RSC Adv., 2022, 12, 7568–7573 | 7571
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Fig. 5 Schematic diagram of the orientation process of core–shell nanoparticles.
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K
0
eff=K

0
0 falls more slowly than the theoretical Keff/K0. This can be

interpreted as the so Co shell was hardened by the hard L10-
FePt core through an intense exchange coupling effect. At stage
II, the slop of K

0
eff=K

0
0 curve was equal to or less than Keff/K0,

illustrating the anisotropy of samples decreases more quickly
than the theoretical prediction because the newly added Co
shells can no longer be hardened by the hard L10-FePt core.

Fig. 5 schematically shows one model of the phenomenon
above. When the Co shell is very thin, strong magnetic hard-
ening occurs, resulting in a slight decrease in the anisotropy. As
the Co thickness grows, the Co shells transform into two layers
with different coupling modes with the core. When the Co
thickness exceeds 1 nm, the outer sphere becomes spring-
exchange-coupled (Fig. 5(c)) instead of hard-exchange-coupled
with the core (Fig. 5(b)), where hard-exchange-coupling and
spring-exchange-coupling refers to the uniform rotation of the
magnetic moment and the rotation of the magnetic moment in
the so phase that drives part of the hard phase to rotate,
respectively.24 The orientation pattern of the samples will
change with the increase of Co thickness as applying an external
magnetic eld. Coherent rotation is known as the motion mode
of single-domain nanoparticles in a magnetic eld (Fig. 5(a)). A
thin Co shell does not affect this rotation mode, and the Co
shell can be considered to be co-phased with the core due to the
pinned effect of exchange-coupling (Fig. 5(b)). Hence, the tor-
que of orientation T1 and T2 should be the same. A thicker layer
of Co shell leads to an exchange-spring effect between the outer
and core layers (Fig. 5(c)). The constraint on the outer layers is
reduced, and the magnetic moment of the outer layer rotates in
advance so that the intersection angle between the magnetic
moment and the magnetic eld becomes small under the
external magnetic eld. Therefore, the torque T3 is smaller than
T1 and T2, which is consistent with the above conclusion that
the thicker the Co shell, the more difficult the orientation.
Conclusions

In summary, magnetic L10-FePt nanoparticles were synthesized
by a wet chemical method. Co shells with thickness ranging
from 0.6 to 2.2 nm were successfully coated on the L10-FePt
7572 | RSC Adv., 2022, 12, 7568–7573
nanoparticles. Due to the exchange-coupled effect, the Hc

monotonically decreased while the Ms increased with
increasing Co thickness. When the Co shell was 1 nm thick, the
(BH)max of the anisotropic magnets was increased by more than
80% with increased remanence and the substantially
unchanged Hc. The Co thickness affects the proportion of the
so phase and hence the anisotropy constant. A thin Co shell
tinily reduces the anisotropic constant, while a thicker Co, more
than 1 nm, rapidly lowers the anisotropic constant. Meanwhile,
when the Co shell becomes thick, the outer layer is no longer
stringently controlled by the core. Hence, the magnetic moment
in the outer shell is easily deected by the external magnetic
eld, and the orientation was not complete. The anisotropic
exchange-coupled nanoparticles built by a hard core and a so
shell are of much concern to the high-performance permanent
magnets. This work focuses on the orientation of the hard-so
exchange-coupled nanoparticles, which is essential to prepare
the next generation of high-performance permanent magnets.
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