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We report a theoretical study of core-shell dipolar interaction effects on the energy product of hard/soft
SmCos@Fe core-shell spherical nanoparticles. We show that the impact of the core-shell dipolar interaction
on the shell reversal process is tunable by the values of the core diameter and shell thickness. Maximum energy
product optimization requires small core diameters, and the energy product enhancement may reach more than
370% for small core diameters SmCos @Fe core-shell nanoparticles.
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I. INTRODUCTION

Bimagnetic ferromagnetic systems made of exchange-
coupled hard/soft core-shell (HSCS) nanoparticles and
nanocomposites have been investigated as possible routes
to producing new materials for high-energy product (HEP)
magnets [1-9]. The motivation is the chance of tailoring the
composition while granting an efficient exchange coupling of
the hard and soft phases, combining the large anisotropy of the
hard material, and the large magnetization of the soft material,
to optimize the energy product (B H)max [10].

Nanostructuring exchange-coupled ferromagnetic materi-
als in small volumes holds good chances of tailoring the mag-
netic properties of nanosized systems. Confinement in small
volumes affects the interplay of exchange and dipolar interac-
tions, the magnetic phases, and the reversal mechanisms. The
interest stems from both the chances of designing new systems
for fundamental studies of magnetism in confined geometries
and from the promising perspectives of new systems for a
variety of emerging applications [1,11-13]. Efforts towards
a more efficient control of exchange coupling as a function of
the hard/soft materials phases content lead to nanocomposite
systems for HEP permanent magnets applications composed
of exchange coupled hard-soft nanoparticles [1,2].

The magnetic phases in the demagnetization quadrant and
the reversal mechanism of the core-shell nanoparticles are
key issues for optimizing the core-shell composition for high
energy product materials applications. As we discuss presently,
the core-shell dipolar interaction plays a key role in the struc-
ture of the magnetic phases and in the reversal mechanisms.
Furthermore, the dipolar interaction is tunable by the values of
the core diameter and the shell thickness.

The core dipolar field of spherical hard-soft core-shell
nanoparticles is easily predictable. The large core anisotropy
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favors a core uniform magnetization state in the demagne-
tization quadrant and qualifies the core as a stable dipolar
field source at the shell [14]. Furthermore, materials with very
high magnetocrystalline anisotropy, such as FePt, SmCos, and
Nd,Fe 4B, allow producing hard-soft core-shell nanoparticles
with a wide range of core diameter values, starting with a few
nanometers diameter core hard material nanoparticles [2]. As
aresult, spherical HSCS nanoparticles provide a rather special
scenario for designing HEP materials, by proper choice of the
core-shell composition.

For high-temperature applications, SmCos @Fe exchange
coupled nanocomposites and SmCos @Fe core-shell nanopar-
ticles are amongst the mostly investigated composi-
tions. SmCos has a large anisotropy energy density of
the order of 10% erg/cm® and a magnetization around
851.91 emu/cm?, while Fe has a magnetization twice as large
(1711.78 emu/cm?), and much smaller anisotropy energy
density of the order of 10 erg/cm? [15].

In this paper, we report a theoretical discussion of the
impact of the core-shell dipolar interaction on the magnetic
phases, the reversal mechanisms, and on the energy product of
spherical SmCos@Fe core-shell nanoparticles. We consider
SmCos(D)@Fe(5) core-shell nanoparticles with SmCos core
diameter (D) ranging from 3.5 nm to 21 nm and Fe shell
thicknesses (6) up to 8 nm. The key point is finding values of
the SmCos core diameter and Fe shell thickness which leads
to an optimum core-shell composition for HEP nanocomposite
materials.

Using a simple average nanoparticle model, and focusing
solely on the volume fractions of the core and shell ma-
terials, the optimization of the SmCos(D)@Fe(§) core-shell
nanoparticle composition for HEP magnets would just require
taking advantage of increasing the average magnetization
by the addition of the Fe shell, while, at the same time,
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FIG. 1. (a) The magnetization pattern of SmCos(3.5 nm)@Fe(2.5 nm) core-shell nanoparticles for H = —10.31 kOe. (b) and (c) shows
the shell vortex phase magnetization pattern of the SmCos(11 nm)@Fe(6.0 nm) and SmCos(21 nm)@Fe(6.0 nm) core-shell nanoparticles for
H = —5.35k0e and H = —12.5 kOe. (d) The panel shows the SmCos(21 nm)@Fe(6.0 nm) core dipolar field pattern within the shell. The
color barcode in (b) and (c) corresponds to the out-of-plane angle and in (d) corresponds to the strength of dipolar field in kOe.

minimizing the drop in the average anisotropy energy. How-
ever, the average HSCS nanoparticle model does not account
for the shell relaxation, due to the core-shell dipolar interaction,
and, as we shall discuss below, applies only for small values
of the core diameter and shell thickness.

Theoretical [16] studies of small core diameter hard-soft
core-shell nanoparticles, with modest values of the shell
material saturation magnetization (from 100 to 500 emu/ cm?),
revealed hysteresis loops displaying a nearly coherent magne-
tization reversal, and large reductions of the coercive field. In
these cases, due to the small value of the shell magnetization,
core-shell dipolar effects are weak, and the angular dependence
of the switching field follows the Stoner-Wohlfarth reversal
mode [16].

Interestingly, experimental reports on the maximum en-
ergy product of nanocomposites made of small diameter
FePt@Fe;O,4 core-shell nanoparticles [8,17], using 4 nm to
8 nm diameters FePt core nanoparticles, revealed large size
effects, with considerable reductions in the coercive field,
and an energy product enhancement of around 38%, for shell
thicknesses in the 1-3 nm range.

The reported large size effects and enhancement of the
energy product, using a few nanometers thick small magne-
tization magnetite shells, with Mg =~ 480 ernu/cm3 [15], is
indicative of a key feature. For small core diameter, large
values of the percentage shell volume fraction may be reached
with rather thin shells. As we shall discuss presently, this may
be explored for the optimization of core-shell nanoparticles,
with large magnetization shell materials, for high energy
product applications. A strong ferromagnetic core-shell inter-
face exchange energy is a key element for keeping core and
shell magnetizations parallel, favoring coherent reversal with
smooth hysteresis loops [8,17,18].

On the other hand, the core-shell dipolar interaction may
compete with the interface exchange energy [14]. The long-
ranged dipolar field produced by the core in the shell is opposite
to the core magnetization, except for the shell region near the

poles of the core, and may produce nonuniform phases, as
shown in Fig. 1.

The optimum design of exchange coupled HSCS
nanoparticles for HEP applications is largely based on the
assumption that the large core anisotropy material switches
coherently, at large values of the external field strength, and
holds the soft material shell via a strong ferromagnetic interface
exchange energy. The anisotropic nature of the core dipolar
field is a major issue for choosing the optimum value of the
shell thickness §* for a given value of the core diameter. HSCS
nanoparticles may exhibit large variations in the magnetization
of thin shells, due to the core dipolar field gradient within the
shell [14].

As shown in Fig. 1 the core dipolar field in the shell
is parallel to the core magnetization near the polar regions
(] 80 |~ 7 /4, around the 8 = 0 and & = 7 poles) and opposite
to the core magnetization at the 6 ~ m/2 belt. This built
in dipolar field gradient favors a nonuniform magnetization
profile at the shell. In the shell regions near the 6 ~ 0 and
0 ~ m poles, the interface exchange coupling is reinforced
by the core-shell dipolar interaction, while at the 6 ~ /2
belt, the exchange and dipolar energies favor opposite trends.
This is a key issue, because it may trigger the nucleation of
reversal for large values of the core diameter and the shell
thickness.

We have found that for small core diameter nanoparticles
with thin shells, the ferromagnetic core-shell exchange in-
teraction prevails. However, as the core diameter and shell
thickness increase, the long-ranged core-shell dipolar energy
may overcome the short-ranged ferromagnetic exchange inter-
action. This may lead to noncoherent reversal for large values
of the percentage shell volume fraction, imposing limits on the
maximum energy product.

As we shall discuss below, for the SmCos(11 nm)@Fe(5)
and SmCos(21 nm)@Fe(§) nanoparticles, the competition be-
tween the interface exchange and the dipolar energies, for large
core diameter values, may lead to the formation of a new
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FIG. 2. (BH )y of SmCos(D)@Fe(8) core-shell nanoparticles,
with core diameters D of 3.5, 4.5, 7.5, 11, and 21 nm, and Fe shells
thicknesses 6 ranging from O to 5 nm. The full and open symbol
curves show the values of (B H ), predicted by the current theoretical
model, and the theoretical maximum value of the energy product,
42 M?, for the SmCos(3.5 nm)@Fe(8) and SmCos(21 nm)@Fe(§)
nanoparticles. In the inset we show the maximum value of the energy
product for each one of the chosen SmCos cores.

magnetic phase, the shell vortex phase, in the demagnetization
quadrant. In the shell vortex phase the core is uniformly
magnetized and the shell displays a curling magnetization
pattern that resembles to some extent the vortex phase of soft
ferromagnetic materials.

3.5 nm core diameter SmCos(3.5 nm)@Fe(§) nanopar-
ticles, with Fe shell thicknesses (6) up to 8 nm, exhibit
coherent reversal hysteresis curves, with the core and shell
magnetizations exchange coupled. 21 nm core diameter
SmCos(21 nm)@Fe(§) nanoparticles, with Fe shell thickness
§ ranging from 1 nm up to 8 nm, exhibit noncoherent re-
versal. As shown in Fig. 2, the maximum energy product
(BH)max is a decreasing function of the core diameter value,
dropping from 106.3 MGOe for the 3.5 nm core diameter
SmCos(3.5 nm)@Fe(8) nanoparticles to 74.1 MGOe for the
21 nm core diameter SmCos(21 nm)@Fe(§) nanoparticles.

The SmCos(3.5 nm)@Fe(§) nanoparticle has an optimum
shell thickness of §* = 2.5 nm, corresponding to a shell volume
fraction of 93% and an energy product of 106.3 MGOe. This
is 3.7 larger than the theoretical maximum value of the energy
product (472 M?) of SmCos (28.6 MGOe).

SmCos(21 nm)@Fe(§) nanoparticles require a much
thicker Fe shell in order to reach a percentage shell vol-
ume fraction comparable to the optimum composition of
SmCos(3.5 nm)@Fe(§) nanoparticles. However, the 21 nm
core diameter SmCos(21 nm)@Fe(§) nanoparticle has an op-
timum shell thickness of §* = 4.0 nm, corresponding to a
modest 62% shell volume fraction and an energy product of
74.1 MGOe.

II. THEORETICAL MODEL

We consider a single core-shell nanoparticle and assume
that the SmCos core and the Fe shell have the uniaxial
anisotropy along the x axis. The magnetic structure is described
using small cubic cells with edge d, smaller than the domain
wall width and exchange lengths of the core and shell materials.

The energy density is given by:

E=-H&Y Mpm; - K/ (m)’
' J

J

J
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The first two terms are the Zeeman and anisotropy energies,
M é is the j-cell saturation magnetization, and #1; is the
magnetization direction. In the dipolar energy, n; is the
distance between the cells j and k in units of cell edge.
The exchange energy couples nearest neighbor cells. A j; is
either the core or the shell exchange stiffness, for cells j and k
within the same material, otherwise, it represents the effective
interface exchange energy.

For each value of the external field H, the core-shell mag-
netization pattern is found using a self-consistent algorithm
[11-14]. The magnetization 7 ; is adjusted to be parallel to the
effective magnetic field (He]ff = —(1/Mg)(0E /0 ;), so that
for each one of the cells the torque is smaller than 1077 erg.

For SmCos we use Mg = 851.91 emu/cm?, A = 22x10~7
erg/cm, and K = 1.7x10% erg/cm® [15]. For Fe we use
Mg =1711.78 emu/cm3, A =25x107" erg/cm, and K =
4.8%x10° erg/cm3 [15]. For small core diameter (D = 3.5 nm,
4.5 nm, and 7.5 nm) SmCos @Fe nanoparticles, we have used
a small cell simulation size (d = 0.5 nm) and for the 11 nm
and 21 nm core diameter HSCS nanoparticles, we have used
d =1nm.

The strength of the core-shell exchange energy is akey issue
and has been examined in recent reports. There are indications
that a graded interface, separating the hard and soft phases
of exchange coupled nanocomposites, may strengthen the
effective exchange coupling and enhance the energy product
[19-22].

We make the simplifying assumption of a sharp interface
and a uniform core-shell exchange energy coupling. We use an
effective exchange parameter A*, which measures the interface
exchange energy in units of the SmCos core exchange stiffness.
Weuse A* = 1 for the present results. Furthermore, we assume
that the uniaxial anisotropy energy density is uniform, within
the core volume, and within the shell.

Throughout the paper, unless specified, we have selected
the z = 0 layer to show the magnetization and dipolar field
patterns. 6 is the angle with the x axis, in the xy plane, and ¢
is the angle with the z axis.

III. RESULTS AND DISCUSSIONS

The theoretical maximum value of the energy product is
4712 M? [10], and the saturation magnetization M of small core
diameter HSCS nanoparticles increases rapidly with the shell
thickness. Thus, one may think of choosing small core diameter
HSCS nanoparticles with large values of the shell thickness,
in order to optimize the energy product value.

This intuitive picture is valid to some extent. However, for a
given value of the core diameter, there is an optimum value of
the shell thickness (§*) beyond which it is no longer possible to
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benefit from the increase in the saturation magnetization, and
the value of the energy product drops. The value of the shell
thickness must be such as to maximize the core-shell saturation
magnetization, yet granting that the core and shell magnetiza-
tions be parallel to each other in the demagnetization quadrant,
starting from H = 0 up to the critical value of the external field
strength H* corresponding to the maximum energy product.

Achieving the theoretical maximum value of the energy
product requires the HSCS nanoparticle magnetization M to
be unchanged in the demagnetization quadrant and equal to
the saturation value, starting at remanence (H = 0) up to an
external field strength of H} = 27 M in the direction opposite
to the magnetization [10]. Thus, the main goal is to ensure
that the external field strength Hy required for the nucleation
of magnetization reversal be larger than the 2w M and that
H*=2aM.

We have found that small core diameter SmCos@Fe
nanoparticles are less vulnerable to the core-shell dipolar
interaction effects, exhibit coherent reversal hysteresis loops,
and may be tailored to achieve a large enhancement of the
energy product.

Large diameter HSCS nanoparticles require thicker shells to
achieve a significant percentage shell volume fraction to benefit
from the large value of the shell magnetization. The large value
of the core perimeter and the thicker shell thickness allow
the nucleation of nonuniform shell magnetization patterns in
the demagnetization quadrant. Thus, noncoherent reversal is
favored, leading to reduction of the magnetization, in the de-
magnetization quadrant, and of the value of the energy product.
We have found that for SmCos(D) @Fe(8) nanoparticles with
diameter D ranging from 3.5 nm up to 11 nm, and Fe shell
thickness up to 6 nm, the critical point H* happens to be with
magnetization at the saturation value and H* < Hy.

For the SmCos(21 nm)@Fe(§) nanoparticles this is true
only for Fe shell thicknesses smaller than 6 nm. For § > 6 nm
the critical field corresponds to a magnetic phase with reduced
magnetization due to the magnetization drop produced by the
shell vortex phase.

In Figs. 1(a)-1(c) we show typical magnetization patterns
of SmCo5(3.5 nm)@Fe(2.5 nm), SmCos(11 nm)@Fe(6.0 nm),
and SmCos(21 nm)@Fe(6.0 nm) nanoparticles, in the de-
magnetization quadrant. The dipolar field map of the 21 nm
diameter core of the SmCos(21 nm)@Fe(6.0 nm) nanoparticle
is shown in Fig. 1(d). The SmCos core is uniformly magnetized
and represented schematically.

It is readily seen that the ferromagnetic interface energy
prevails for the SmCos(3.5 nm)@Fe(2.5 nm) nanoparticle,
and the dipolar field effects are largest for the 21 nm diam-
eter core SmCos(21 nm)@Fe(6.0 nm) nanoparticle. At the
critical field for maximum energy product, H = —10.31 kOe
(2 M = 10.31 kG), the core and shell magnetizations of the
SmCos(3.5 nm) @Fe(2.5 nm) nanoparticle are parallel, and the
magnetization is equal to the saturation value.

The dipolar field of the 21 nm diameter SmCos core of
the SmCos(21 nm)@Fe(6.0 nm) nanoparticle lies in the z = 0
plane, and the x component varies from 6.5 kOe near the
6 =0 and 6 = 7 poles, to —3.2 kOe at the 6 = /2 belt.
The 11 nm core SmCos(11 nm)@Fe(6.0 nm) nanoparticle
produces a similar dipolar field in the Fe shell. The mag-
netic patterns of SmCos(11 nm)@Fe(6.0 nm) and SmCos

TABLE 1. (BH )max-SmCos(D)@Fe(8) core-shell nanoparticles.
8* is the optimum value of the Fe shell thickness, for each value
of the SmCos core diameter, corresponding to the best core-shell
composition.

Core diameter (D)  Fe(dx) (BH); . Shell vol Amplify
(nm) (nm) (MGOe) fraction (%) factor
3.5 nm 2.5 106.30 93.0 3.72
4.5 nm 3.0 105.60 92.0 3.68
7.5 nm 4.0 100.48 88.7 3.50
11.0 nm 4.0 92.53 80.6 3.20
21.0 nm 4.0 74.00 62.0 2.60

(21 nm) @Fe(6.0 nm) nanoparticles are shown for external field
values of H = —5.35kOe and H = —12.5 kOe and reveal the
shell vortex phase.

In both cases, the shell displays a magnetization curling
pattern, in a plane perpendicular to the core magnetization,
and a component along the x direction that resembles the core
dipolar field, in the shell region near the SmCos core poles (6 =
0 and 6 = ). Notice that in both cases, away from the SmCos
core poles (8 = 0 and 6 = ), the curling magnetization at the
shell corresponds to out of plane angle ¢ = 0 (lower shell area,
near 6 & —m/2) and ¢ ~ m (upper shell area, near 6 =~ 7 /2).

Furthermore, the larger shell perimeter, at the shell surface,
of the SmCos(21 nm) @Fe(6.0 nm) nanoparticle, allows, in the
0 = /2 belt, the alignment of the shell magnetization with the
core magnetization at the interface, and with the core dipolar
field, at the shell surface. Figure 2 and Table I show a summary
of our results for SmCos(D)@Fe(§) core-shell nanoparticles
with SmCos core diameter (D) ranging from 3.5 nm to 21 nm
and Fe shell thicknesses (§) up to 5 nm.

For any of the chosen core diameter values, as shown in
Fig. 2, the energy product curve increases, as a function of the
Fe shell thickness 8, up to an optimum thickness value 6*. The
optimum shell thickness value increases with core diameter
size but saturates rapidly since the shell percentage volume
fraction also saturates, as seen in Fig. 3.

1800 L) v L) v L) v L) v L] M L] M L] M L]
—@-3.5nm
—0—4.5nm
1600 | —E-7.5nm T
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3 1200 | .
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FIG. 3. Magnetization of SmCos(D)@Fe(8) core-shell nanopar-
ticles, with core diameters D of 3.5, 4.5, 7.5, 11, and 21 nm, and Fe
shells thicknesses 8 ranging from O to 5 nm. In the inset we show the
percentage shell volume fraction.
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FIG. 4. Magnetization in the demagnetization quadrant of (a) SmCos(3.5 nm)@Fe(1.5 nm), (b) SmCos(3.5 nm)@Fe(2.0 nm), (c) SmCos
(3.5 nm)@Fe(2.5 nm), (d) SmCos(3.5 nm)@Fe(3.0 nm), (¢) SmCos(3.5 nm)@Fe(3.5 nm), and (f) SmCos(3.5 nm)@Fe(4.0 nm) core-shell

nanoparticles.

For § < 6* we have found that the external field strength
for nucleation of reversal is larger than 27 M. In this thickness
range, for all chosen values of the SmCos core diameter,
the energy product is equal to the theoretical maximum
value, 4772 M?2. This is shown in Fig. 2 for the D = 3.5 nm
diameter and for the D = 21 nm diameter SmCos(D)@Fe(§)
nanoparticles.

One advantage of small core diameter nanoparticles, as
building blocks for high-energy product permanent magnet
systems, is that the shell percentage volume fraction increases
very rapidly with the shell thickness (see Fig. 3). As a result,
as can be seen from Figs. 2 and 3, for a given shell thickness
value, the 3.5 nm diameter SmCos core nanoparticle has
larger values of M, (B H)max, and the percentage shell volume
fraction.

Consider, for instance § = 1 nm core-shell nanoparticles.
The values of (B H)max, M, and the percentage shell volume
fraction drop from 88.17 MGOe, 1494.6 emu/cm3, and 74%,
for the 3.5 nm diameter SmCos core nanoparticle, down
to 42.82 MGOe, 1045.1 emu/cm3, and 24% for the 21 nm
diameter SmCos core nanoparticle. Thus, one may expect to
achieve the best enhancement of the energy product using
3.5 nm SmCos core nanoparticles.

As shown in Fig. 2, we have found that a 3.5 nm core
diameter SmCos(3.5 nm)@Fe(8) nanoparticle, has an opti-
mum shell thickness of §* = 2.5 nm and an energy product
of 106.3 MGOe, which is 3.7 larger than that of the theoretical
maximum value of the energy product (477> M?) of the SmCos
core (28.6 MGOe) and twice as large as that of NdFeB
magnets [23]. The percentage shell volume fraction of the
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FIG. 5. Coercive field and 27 M of SmCos(3.5 nm)@Fe(5 nm)
core-shell nanoparticles (the continuous lines are just a guide to the
eyes). The inset shows the curves for the energy product (B H )yax (full
symbol curve) and the theoretical maximum energy product 4772M?
(open symbol curve).

SmCos(3.5 nm)@Fe(2.5 nm) nanoparticle is 93% and the
saturation magnetization is 1641 emu/cm?. The hysteresis
loop is square with a coercivity of Hr = 14.66 kOe. The
external field strength for theoretical maximum energy product
valueis Hj = 27 M = 10.3kOe. Therefore Hc > Hj and, for
external field strength H < H, in demagnetization quadrant,
the magnetization is equal to the saturation magnetization.

In order to reach a percentage shell volume fraction of
93%, a 21 nm core diameter SmCos(21 nm)@Fe(§ nm) HSCS
nanoparticle requires an Fe shell thickness of § = 15 nm. This
would lead to a rather small energy product value. As we
show below, we have found that even for a much thinner Fe
shell, with thickness of § = 8 nm, the energy product of the
SmCos5(21 nm)@Fe(8 nm) is 16 MGOe, which is smaller than
that of the SmCos core.

We show in Fig. 4 the magnetization curves in
the demagnetization quadrant of small core diameter
SmCos(3.5 nm)@Fe(8) nanoparticles, for values of the Fe
shell thickness of § = 1.5 nm, 2.0 nm, 2.5 nm, 3.0 nm,
3.5 nm, and 4 nm. The nanoparticles exhibit coherent reversal,
Hy = Hc, and the coercive field H¢ ranges from 36 kOe,
for the SmCos(3.5 nm)@Fe(1.5 nm) nanoparticle, down to
5.66 kOe for the SmCos(3.5 nm)@Fe(4 nm) nanoparticle.
The value of the critical field for theoretical maximum en-
ergy product, Hy = 2w M, increases from 9.88 kG for the
SmCos(3.5 nm)@Fe(1.5 nm) nanoparticle up to 10.53 kG for
the SmCos(3.5 nm) @Fe(4 nm) nanoparticle. For Fe shell thick-
nesses smaller or equal to 2.5 nm, we have found that Hj <
H¢, and the energy productis equal to the theoretical maximum
value. For § > 3 nm, we have found that Hj > Hc. In this
thickness range, the maximum energy product corresponds to
the external field strength value (H*) immediately before the
value required for magnetization reversal (H* ~ Hc).

Our results for 3.5 nm SmCos core diameter nanoparticles,
SmCos(3.5 nm)@Fe(8), for Fe shell thicknesses ranging from
6 = 0.5 nm to § = 5 nm, are summarized in Fig. 5. We show
the impact of the Fe shell thickness § on the reduction of the
external field strength for nucleation of reversal, Hy, and on the
value of the critical field (27t M) for the theoretical maximum
value of the energy product.

For these nanoparticles, the reversal is sharp and the external
field strength for nucleation of reversal (Hy)is equal to the
coercive field (H¢). In the inset, we show the value of the
energy product, calculated using the present theoretical model,
and the theoretical maximum value of the energy product.
Notice that for values of § for which Hy is larger than 27 M,
the energy product is equal to the theoretical maximum value
472 M?. For § > 3.0 nm the reversal field turns smaller than
2w M and the energy product is smaller than the theoretical
maximum value. In this thickness range the value of (B H )max
decreases as the Fe thickness § increases.

fomco Y
w 0 SmCo,

@Fe(2.0 nm)

—~ 12}
g»]o. SmCo;
m @Fe(0.5 nm)
6}
4}
2}
0 A

-20-18 -16 -14 -12-10 -8 -6 -4 -2
H(kOe)

< 10} @Fe(2.5nm)

-20-18-16-14-12-10 -8 6 -4 -2 0
H(kOe)

FIG. 6. Demagnetization curves of core-shell nanoparticles for (a) isolated SmCos(3.5 nm) core, SmCos(3.5 nm) @Fe(0.5 nm), and SmCos
(3.5 nm)@Fe(2.0 nm) core-shell nanoparticles and (b) SmCos(3.5 nm)@Fe(2.5 nm), SmCos(3.5 nm)@Fe(3.0 nm), and SmCos
(3.5 nm)@Fe(3.5 nm) core-shell nanoparticles. The squares in (a) and rectangles in (b) indicate the areas corresponding to the high-energy

product (B H )iax.-
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FIG. 7. Nucleation field and 27 M of SmCos(21 nm)@Fe(5 nm)
core-shell nanoparticles. The inset shows the curves for the energy
product (B H )max (full symbol curve) and the theoretical maximum
energy product 4772 M? (open symbol curve).

InFig. 6 we show B(H)in the demagnetization quadrant for
the 3.5 nm diameter SmCos core, and SmCos(3.5 nm)@Fe(§)
nanoparticles, for Fe shell thicknesses from § = 0.5 nm,
to § =3.5 nm. As seen in Fig. 6(a), the B(H) curves
for the SmCos core, and for § = 0.5 nm and § = 2.0 nm
SmCos(3.5 nm)@Fe(8) nanoparticles, are straight lines, from
B=4nM,atH =0,to B =0,at H = —47 M. In these three
cases 2 M ~ 5.4 kOe, 8.3 kOe, and 10.2 kOe, the coercive
fields are 399 kOe, 147 kOe, and 22 kOe, and the energy
product is equal to the theoretical maximum value (472M?).

In Fig. 6(b) we show the B(H) curves for 6 = 2.5 nm,
8 =3 nm, and § = 3.5 nm thick Fe shells. The values of
2n M are a nearly equal, 2r M =~ 10.31 kOe, 10.42 kOe, and
10.49 kOe. The SmCos(3.5 nm)@Fe(2.5 nm) nanoparticle has
a coercive field of 14.66 kOe, which is larger than 27 M, and
an energy product equal to the theoretical maximum value.
The 3 nm and 3.5 nm thick Fe shells nanoparticles have
coercivities of 10 kOe and 7.3 kOe, which are smaller than
the corresponding values of 2w M. For these nanoparticles the
energy product is smaller than the theoretical maximum value.

We have found that the 21 nm core diameter
SmCos(21 nm)@Fe(§) nanoparticle has an optimum shell
thickness of §* =4 nm. The SmCos(21 nm)@Fe(4 nm)
has an energy product of 74 MGQe, which is 2.58 larger
than that of the theoretical maximum value of the energy
product (4m2M?) of the SmCos core (28.6 MGOe). The
percentage shell volume fraction is 62% and the saturation
magnetization is 1378 emu/cm?. The external field strength
for the nucleation of reversal is 12.29 kOe, while the maximum
energy product corresponds to an external field strength of
H* = 8.63 kOe.

We have considered SmCos(21 nm)@Fe(§) nanoparticles
with Fe shell thicknesses from 1 nm up to 8 nm. In Fig. 7 we
show the impact of the Fe shell thickness § on the reduction
of the external field strength for nucleation of reversal, Hy,
and on the value of the 2w M corresponding to the saturation
magnetization. In the inset, we show the value of the energy
product, calculated using the present theoretical model, and the
theoretical maximum value of the energy product. Notice that
for values of é for which Hy is larger than 2w M, the energy

product is equal to the theoretical maximum value 477> M?. For
8 > 5.0 nm the reversal field turns smaller than 277 M and the
energy product is smaller than the theoretical maximum value.

As shown in Fig. 8, SmCos(21nm)@Fe(6) nanoparticles
do not exhibit coherent reversal, and for § < * the points in
the demagnetization quadrant corresponding to the maximum
energy product have the magnetization equal to the saturation
value. In addition, except for small shell thickness (6 = 1 nm
and § = 2 nm) nanoparticles, the magnetization reversal re-
quires a wide external field interval and exhibits a compensa-
tion point (where M = 0). At the compensation point the net
shell magnetization cancels the core magnetization. In all cases
the core switches at large external field values, ranging from
H = —160 kOe to —83 kOe, and the magnetization variation
is proportional to the core percentage volume fraction.

For § > &* the point for maximum energy product corre-
sponds to a magnetic phase in which the Fe shell magnetization
is no longer parallel to the SmCos core magnetization. For
instance, for Fe shell thicknesses of 6 nm, the critical field is
H* = —3.5kOe, the nucleation field is Hy = —3.0 kOe, and,
at the maximum energy product point, the magnetization has
dropped to 80% of the saturation value. For Fe shell thickness
of 8 nm, the critical field is H* = —2.0 kOe, the nucleation
field is Hy = 0.0 kOe, and, at the maximum energy product
point, the magnetization has dropped to 50% of the saturation
value.

The 21 nm diameter, 8 nm Fe shell thickness SmCos
(21 nm)@Fe(8 nm) nanoparticle has a percentage shell volume
fraction of 82%, a saturation magnetization of 1541 emu/ cm’,
which is 81% larger than the saturation magnetization of
the SmCos core. In optimized conditions, with the SmCos
core exchange coupled to the Fe shell in the demagnetization
quadrant, this large value of magnetization would lead to an
energy product 3.27 times larger than that of the SmCos core.
However, the energy product of the SmCos(21 nm) @Fe(8 nm)
nanoparticle is 16 MGOe, which is smaller than the theoretical
maximum value of the energy product of the SmCos core. This
considerable drop in the energy product is associated with the
nucleation of the shell vortex phase in the demagnetization
quadrant, as discussed below.

Notice that there are relevant reductions of the external
field strength and the magnetization at the critical point for
maximum energy product. The external field strength (2 kOe)
is much smaller than 27 M = 9.7 kG (required for the theo-
retical maximum energy product value). The magnetization is
778 emu/cm?® which is 50% of the saturation value.

There is a relevant impact of both the SmCos core diameter
value and the Fe shell thickness value on the energy product.
For instance, we have found that the 21 nm SmCos core
diameter, 6 nm Fe shell thickness SmCos5(21 nm)@Fe(6 nm)
nanoparticle has a shell volume fraction of 74%, a saturation
magnetization of 1460 emu/cm?®, and an energy product of
39.6 MGOe, as shown in Fig. 9. We have also found that, with
the same Fe shell thickness, the 11 nm core diameter SmCos(11
nm)@Fe(6 nm) nanoparticle has a larger shell volume fraction
of 85.06%, a saturation magnetization of 1572.8 emu/cm3,
and an energy product of 46.31 MGOe. The energy product
of the SmCos(11 nm)@Fe(6 nm) nanoparticle is 74% larger.
Judging from the values of the saturation magnetizations, and
the theoretical maximum value of the energy product, given
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nanoparticles.

by 4w2M?, one would expect that the energy product of the
SmCos(11 nm)@Fe(6 nm) nanoparticle would be only 14%
larger than that of the SmCos(21 nm) @Fe(6 nm) nanoparticle.
The large difference in the energy product of the SmCos
(11 nm)@Fe(6 nm) and the SmCos5(21 nm)@Fe(6 nm)
nanoparticles is due to the magnetic phases in the demagneti-
zation quadrant corresponding to the point of maximum energy
product. The larger core diameter of the SmCos(21 nm)@Fe
(6 nm) nanoparticle allows more room for the relaxation of the
shell magnetization, starting at the core surface up to the shell
surface, allowing the nucleation of the shell vortex phase.

In the shell vortex state, the shell displays a curling
magnetization pattern, in a plane perpendicular to the core
magnetization, and a component along the x direction that
resembles the core dipolar field near the poles of the core. At
the 6 ~ /2 belt, the x component of the shell magnetization

relaxes from alignment with the core magnetization at core-
shell interface to an angle at the shell surface that varies along
the demagnetization curve.

In Fig. 9(a) we show the demagnetization curves of the
SmCos(11 nm)@Fe(6 nm) and SmCos(21 nm)@Fe(6 nm)
nanoparticles. In Fig. 9(b) we show details of the shell vortex
state of the SmCos(21 nm)@Fe(6 nm) nanoparticle at selected
points in the demagnetization curve. Notice that Fig. 9(a)
displays global data of the SmCos(11 nm)@Fe(6 nm) and
SmCos(21 nm)@Fe(6 nm) nanoparticles, while Fig. 9(b)
shows information regarding the local magnetization pattern
of the SmCos(21 nm)@Fe(6 nm) nanoparticle.

The panels in Fig. 9(b) shows the curling magnetization
pattern at the yz plane, and the color barcode shows S,
the x component of the shell magnetization, in units of the
Fe saturation magnetization, in the shell area, or the SmCos
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FIG. 9. (a) Demagnetization curves, of SmCos(21 nm)@Fe(6 nm) (circle symbols curve) and SmCos(11 nm)@Fe(6 nm) (square symbols
curve) nanoparticles. Selected points (i) and (ii) indicate the points of maximum energy product of the SmCos(11 nm)@Fe(6 nm) and SmCos(21
nm)@Fe(6 nm) nanoparticles, and (iii) indicates a point in the demagnetization of the SmCos(21 nm)@Fe(6 nm) nanoparticle for H =
—12.5 kOe. The panels in (b) show the shell vortex phase magnetic pattern at selected points (ii), for H = —3.5 kOe (circle symbols curve),
and (iii), for H = —12.5 kOe (square symbols curve), in the demagnetization curve of the SmCos(21 nm)@Fe(6 nm) nanoparticle. S, is the x
component of the shell magnetization, in units of the Fe saturation magnetization, along the radial direction within the § ~ 7/2 (0 < ¢ < 2m)
belt, from the shell interface layer, for ryg,.; = 1 nm, to the nanoparticle’s surface, for g,y = 6 nm. For comparison, we also show, for rg,ey = 0,
the x component of the core magnetization, in units of the SmCos saturation magnetization.

magnetization in the central area, corresponding to the core.
Notice that in the core area, S, = 1, while in the shell area
S, relaxes from near alignment with the core magnetization at
the core-shell interface, to a value at the shell surface that is
determined by the external field value.

As seen in Fig. 9(a), the interface exchange energy is
favored in the SmCos(11 nm)@Fe(6 nm) nanoparticle due toits
smaller core diameter. The point of maximum energy product,
H = —2.65 kOe, corresponds to the shell exchange coupled
to the core and the magnetization equal to the saturation
magnetization value (1601.8 emu/cm?).

In the case of the SmCos(21 nm)@Fe(6 nm) nanoparti-
cle, the point of maximum energy product, H = —3.5 kOe,
corresponds to partial alignment of the core and shell mag-
netizations. The magnetization is 1178.6 emu/cm?®. There is
a 20% drop in the magnetization compared to the saturation
value (1474.6 emu/cm?).

As shown in Fig. 9(b), at the point of maximum energy
product, the shell magnetization, at the yz plane, is parallel
to the core magnetization, at the core-shell interface, and
twists to a /3 direction at the shell surface. Therefore, only
a fraction of the Fe shell magnetization adds to the core
magnetization leading to a modest enhancement of the energy
product. Furthermore, as shown in Fig. 9(a), the nucleation of
reversal occurs for an external field Hy = —3.0 kOe and the
external field for energy product maximum (H* = —3.5 kOe)
is much smaller than 27 M = 9.27 kG (required for the theo-
retical maximum energy product value). The magnetization
is 1179.9 emu/cm® which is 80% of the saturation value.
Proceeding further along the demagnetization curve of the
SmCos(21 nm)@Fe(6 nm) nanoparticle, as shown in Fig. 9(a),
at the external field value H = —12.5 kOe, the magnetization
is 114.16 emu/cm?, corresponding to only 8% of the saturation
value.

As shown in Fig. 9(b), the large magnetization drop cor-
responds to a new profile of the shell vortex phase. At the

0 ~ m /2 belt, the shell magnetization is nearly parallel to
the core magnetization, at the core-shell interface, and twists
to almost the opposite direction at the shell surface. The
magnetization reversal proceeds via a gradual change in the
shell vortex phase, in a wide field interval, from —3 kOe to
—83.5 kOe, where the SmCos core switches [see Fig. 8(e)].

This is also the mechanism for magnetization reversal of the
SmCos(21 nm)@Fe(8 nm) nanoparticle, as shown in Fig. 10.
In this case, due to the thicker Fe shell, the reversal process
occurs in a wider external field interval. The nucleation of
reversal occurs at a positive external field, H = 0.25 kOe, and
the reversal occurs at H = —83 kOe when the SmCos core
switches [see Fig. 8(f)].

In Fig. 10 we show the shell magnetic pattern in the z = 0
(xy plane) and x = 0 (yz plane) layers for two values of
the external field in the demagnetization curve of the SmCos
(21 nm)@Fe(8 nm) nanoparticle. The yz plane panels allow
a clear visualization of the shell magnetization curling and
the relaxation of the shell magnetization from the core-shell
interface up to the shell surface. The SmCos is uniformly
magnetized and is represented schematically. The SmCos
(21 nm)@Fe(8 nm) nanoparticle shell vortex phase forms for
H = 0.25k0e, and for H = —2.67 kOe, the shell vortex phase
has a profile similar to that found at a much larger external
field value (—12.5 kOe) in the SmCos(21 nm)@Fe(6.0 nm)
nanoparticle (see Fig. 1).

As seen in Fig. 10(a), for H = —2.67 kOe, the shell
magnetization curling spreads over an approximately 7= wide
belt centered at & = m /2. Figure 10(b) shows that the shell
magnetization is almost parallel to the core magnetization at
the core-shell interface and twists to a nearly perpendicular
direction at the shell surface. The shell vortex phase leads
to a reduction of the SmCos(21 nm)@Fe(8 nm) nanoparticle
magnetization to 652 emu/cm? (42% of the saturation value).

For H = —14.2 kOe most of the shell volume is op-
posite to the core magnetization and the magnetization is
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FIG. 10. Shell vortex phase patterns of a SmCos(21 nm) @Fe(8.0 nm) nanoparticle, for external field of —2.67 kOe in the xy plane (a) and
vz plane (b), and for external field of —14.2 kOe in the xy plane (c) and yz plane (d). The color barcodes show the out-of-plane magnetization
component in units of the SmCos (Fe) saturation magnetization in the core (shell).

—542 emu/cm?®. The shell vortex phase has a rather different
magnetization profile, starting nearly aligned with the core at
the core-shell interface, to the opposite direction in the shell
surface.

The compensation points in the demagnetization curves of
SmCos5(21 nm)@Fe(6.0 nm) and SmCos(21 nm) @Fe(8.0 nm)
nanoparticles reflect the external field effects on the gradual
change in the shell vortex phase profile in the demagneti-
zation quadrant. The shell vortex phase forms with a partial
alignment of the x component with the core magnetization at
small external field values and evolves to nearly the opposite
direction along the demagnetization curve, as discussed in
Fig. 9(b) for the SmCo5(21 nm) @Fe(6.0 nm) nanoparticle. We
may anticipate larger field effects in the 8 nm thick Fe shell
nanoparticle.

Compared to the SmCos(21 nm) @Fe(6.0 nm) nanoparticle,
the external field effects on the shell vortex profile of the
SmCos(21 nm)@Fe(6.0 nm) nanoparticle are much stronger.
The compensation points for the SmCos(21 nm)@Fe(6.0 nm)
and SmCos(21 nm)@Fe(8.0 nm) nanoparticles are
H = —14.3k0Oe and H = —7.0 kOe.

The magnetic parameters of SmCos and Fe favor the
formation of the shell vortex phase in SmCos @Fe spherical

0.9 kOe

0.2 kOe

core-shell nanoparticles. The values of the exchange stiffness
are almost equal, while there is a large difference in the
anisotropy density, favoring phases in which the core is
uniformly magnetized.

Furthermore, the spherical core-shell structure enhances the
core dipolar field effects in the shell magnetic pattern and
disfavors the shell dipolar field effects in the core magnetic
pattern. In other words, the impact of the core dipolar field
in the shell magnetic pattern is stronger than that of the shell
dipolar field in the core magnetic pattern.

Although having a magnetization of the order of half of
the Fe magnetization, the SmCos core dipolar field produces
nonuniform magnetization patterns in the Fe shell. The SmCos
core dipolar field in the Fe shell is of the order of a few
kOe, and the Fe shell anisotropy field is 0.55 kOe. Due to
the large magnetization of the Fe shell, the core-shell dipolar
energy overcomes the anisotropy energy barrier, favoring the
nucleation of the shell vortex phase.

On the other hand, for all nanoparticles in the present study,
we have found that the strength of the Fe shell dipolar field in
the SmCos core is much smaller than the SmCos anisotropy
field (= 400 kOe). Furthermore, the small value of the SmCos
core magnetization turns the core-shell dipolar energy density

FIG. 11. The shell magnetization pattern and the dipolar field produced by the Fe(8 nm) shell in the SmCos(21 nm) core of the SmCos(21
nm) @Fe(8.0 nm) nanoparticle, for (a) H = 1 kOe, (b) H = 0.25 kOe, and (c) H = —7 kOe. The bottom color barcodes show the out of plane
angle ¢ of the shell magnetization. The top color barcodes show the intensity of the Fe(8.0 nm) shell dipolar field in the SmCos(21 nm) core.
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include the core-shell dipolar interaction.

much smaller than the anisotropy energy density in the SmCos
core, favoring the stability of the core uniform magnetization
phase.

Figure 11 shows the shell magnetization pattern and the
shell dipolar field in the core, in selected points of the
demagnetization curve of the SmCos(21 nm)@Fe(8.0 nm)
nanoparticle. Notice that the shell dipolar field in the core has
modest intensity, as compared to the core anisotropy field.

For an external field H = 1 kOe, with the Fe shell magneti-
zation uniform (S, = 1 and ¢ = 7/2), as shown in Fig. 10(a),
the Fe(8 nm) shell dipolar field in the SmCos(21 nm) core is
opposite to the direction of the core magnetization. In most of
the core volume the shell dipolar field is of the order of 0.9 kOe.

Interestingly, at the nucleation of the shell vortex phase,
for an external field of 0.25 kOe, as shown in Fig. 10(b),
the shell dipolar field in the core switches to the direction
of the core magnetization. The shell vortex phase covers a
/2 wide belt centered at & = 7 /2. In most of the core, except
for the regions near the poles at 6 = 0 and 6 = m, the shell
dipolar field is ~0.2 kOe.

Proceeding further along the demagnetization curve, at the
compensation point, for an external field of —7 kQe, the shell
vortex phase has a rather different profile. The shell vortex
phase is seen in a larger fraction of the shell volume, covering
a w wide belt centered at § = /2. At the 6 ~ /2 belt
the shell magnetization varies from near alignment with the
core magnetization at the core-shell interface to the opposite
direction at the shell surface.

The shell dipolar field in the core turns much stronger (*
4 kOe in most of the core), due to the larger shell volumes
charges, associated with the variations in the magnetization
within the shell. Notice that beyond the point of the shell vortex
phase nucleation, the shell dipolar field enhances the stability
of the uniform state of the core.

In Fig. 12 we compare the present results with
the predictions of the average core-shell model, for
SmCos(3.5 nm)@Fe(§) and SmCos(21 nm)@Fe(§) nanopar-
ticles. The average core-shell model consists of assuming that
the core-shell interface exchange energy suffices to keep core
and shell magnetization parallel throughout the demagnetiza-

tion quadrant. Therefore, only coherent reversal is allowed.
This theoretical strategy has been applied to investigate the
main features of two-phase systems and multilayers composed
of an aligned hard phase and a soft phase with high magneti-
zation [24,25].

As we shall discuss, the simple average core-shell model
has two major shortcomings. The relaxation of the shell
magnetization, from the core-shell interface up to the shell
surface is not allowed, and the core-shell dipolar interaction
is not included. Therefore, we may anticipate that the validity
of the simple average core-shell model is restricted to HSCS
nanoparticles with small values of the core diameter and shell
thickness.

In the average core-shell model the core-shell nanoparticle
is represented in a macro-spin-like model, with the mag-
netization and the anisotropy energy density represented by
the average values (M) = f.M, + f;M,, and (K) = f. K. +
fs K, where f; and f. are the shell and core volume fractions,
and the coercive field is given by Hc = % Within this
approximation, the reversal of magnetization occurs at the
coercive field H¢, and the energy product is given by:

472 (M)?, if He > 2m(M);

(BH ) max = {H . (2)
(4r (M) — Hc), ifHe <2n{M).

As seen in Figs. 12(a) and 12(b), the average core-shell
model reproduces the present results for § < §*. For this range
of the Fe shell thicknesses, the magnitude of the external field
for the nucleation of reversal Hy is larger than 2w M and the
critical field H* reaches its optimum value H* = 27 M. Thus,
both models predict an energy product (B H )y = 41> M?>.
Notice that the average magnetization, used in the average core-
shell model, is the saturation magnetization of the core shell,
as used in the present model.

As shown in Figs. 4 and 8, for § > 6*, Hy < 2n M. For
this range of the Fe shell thicknesses, the average core-shell
model fails in predicting the correct coercive field, since the
dipolar interaction is not included. Furthermore, the average
core-shell model does not allow for the large drop in the value
of the magnetization, associated to noncoherent reversal.
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As shown in Fig. 12(a) there are small differences between
the predictions of the average core-shell model and the present
theoretical model for the SmCos(3.5 nm)@Fe(§) nanoparti-
cles. In this case, in both models, the magnetization reversal
is coherent and the origin of the differences is the value of the
coercivity. The average core-shell model does not account for
the core-shell dipolar interaction, and, as a result, the values of
the coercive field are larger than those found with the present
theoretical model.

The differences between the predictions of the aver-
age core-shell model and the present theoretical model are
much larger for the SmCos(21 nm)@Fe(8) nanoparticles. As
seen in Fig. 12, the average core-shell model predicts an
optimum Fe shell thickness value of 6* =3 nm for the
SmCos(3.5 nm)@Fe(8) nanoparticles, in satisfactory agree-
ment with the present theoretical model (6* = 2.5 nm).

For the SmCos(21 nm)@Fe(§) nanoparticles the average
core-shell model predicts an optimum Fe shell thickness of
8* = 19 nm. This value is much larger than the value predicted
by the present theoretical model (§* = 4 nm).

In summary, we have discussed the magnetic phases,
the reversal mechanisms, and the energy product of
SmCos(D)@Fe(8) core-shell nanoparticles with SmCos core
diameter (D) ranging from 3.5 nm to 21 nm, and Fe shell
thicknesses (§) up to 8 nm. We have shown that the impact
of the core-shell dipolar interaction on the magnetic phases in
the demagnetization quadrant and the energy product is, to a
large extent, controllable by the values of the core diameter
and the shell thickness.

We have used the room temperature parameters [26] and
reproduced satisfactorily the measured magnetization curve in
the demagnetizing quadrant and the maximum energy product
(28.6 MGOe) of SmCos magnets at room temperature [15], as
seen in Figs. 2, 5, 7, and 12. We notice that high temperature
effects might be an issue for future careful investigation.
One might expect weak temperature effects for the SmCos
core magnetic properties, with a critical blocking size of
2.24 nm, due to the large value of anisotropy, and a large Curie
temperature of 1020 K [2]. However, regarding the iron shells
the picture is not so clear. Although the Curie temperature
of iron (1044 K) is also large [15] the iron anisotropy is not
large. Therefore, the thermal stability of small volume iron
shells is a point to be discussed. On one hand, one might
envisage superparamagnetic behavior of thin iron shells on
small diameter SmCos cores. On the other hand, thin iron
shells may turn to be thermally stabilized via a strong interface
coupling with the SmCos core [27]. This discussion is beyond
the scope of the present paper.

Table II contains a summary of our results, focusing on
the maximum energy product of SmCos(3.5 nm)@Fe(§ nm)
and SmCos(21 nm)@Fe(§ nm) core-shell nanoparticles. As
shown, the large core diameter nanoparticle exhibits the
strongest dipolar effects, with larger differences between the
theoretical maximum energy product and the value predicted
by the present theoretical model.

We have found the optimum shell thickness which leads to
the best core-shell composition for each of the chosen values
of the SmCos core diameter. We have shown that the maximum
energy product (B H)max is a decreasing function of the core
diameter value, dropping from 106.3 MGOe for the 3.5 nm

TABLEII. Nucleation field (Hy), critical field (27 M) and energy
product maximum of SmCos(D)@Fe(5) core-shell nanoparticles.

SmCos(3.5 nm)@Fe(5)

Hy 2rM (B H)max Ax>M? (BH) .
S(nm)  (kOe) (kG) (MGOe)  (MGOe) (MGOe)
0.0 400.0 5.4 28.6 28.6 28.6
0.5 143.0 8.4 69.5 69.5 66.8
1.0 66.0 9.49 88.2 88.2 86.6
1.5 353 9.9 97.6 97.6 97.0
2.0 21.0 10.1 103.0 103.0 102.8
2.5 12.7 10.3 106.3 106.3 106.3
3.0 9.0 10.4 105.6 108.7 108.5
35 6.7 10.5 92.7 110.0 104.2
4.0 5.0 10.5 76.5 110.9 92.8
45 3.8 10.6 66.3 111.6 80.6
5.0 3.1 10.6 51.3 112.1 69.7

SmCos(21 nm)@Fe(5)

Hy 2M (B H)max Ax>M? (BH) .
S(nm)  (kOe) (kG) (MGOe)  (MGOe)  (MGOe)
0.0 400.0 5.3 28.6 28.6 28.6
1.0 126.0 6.6 43.1 43.9 439
2.0 52.0 7.5 55.8 56.6 56.6
3.0 225 8.2 66.2 66.8 66.8
4.0 10.8 8.6 74.1 74.9 75.0
5.0 5.5 9.0 66.2 81.4 81.4
6.0 25 9.3 39.6 86.6 86.6
7.0 1.0 9.5 24.3 90.8 90.8

core diameter SmCos(3.5 nm)@Fe(§) nanoparticles, for an
optimum Fe shell thickness § = 2.5 nm, to 74.1 MGOe for
the 21 nm core diameter SmCos(21nm)@Fe(§) nanoparticles,
for an optimum Fe shell thickness § = 4.0 nm.

Small core diameter SmCos@Fe nanoparticles are less
vulnerable to the core-shell dipolar interaction effects and
may be tailored to achieve a large enhancement of the en-
ergy product. The key point is that using thin Fe shells,
one may reach large shell percentage volume fractions,
and relevant enhancement of the energy product, as re-
ported for small core diameters FePt@Fe;O, core-shell
nanoparticles [8,17].

Large core diameter nanoparticles require thicker shells
for energy product optimization. The large value of the core
perimeter and the thicker shell thickness lead to noncoherent
reversal, posing a limit on the value of the maximum energy
product.

We have shown that the competition between the interface
exchange and the dipolar energies, for large core diameter
values, may lead to the formation of a new magnetic phase,
the shell vortex phase. The shell vortex phase consists of
a uniformly magnetized SmCos core with the Fe shell dis-
playing a curling magnetization pattern that resembles the
vortex phase of soft ferromagnetic materials. We have dis-
cussed the impact of the shell vortex phase in the magnetic
phases in the demagnetization quadrant and in the energy
product of SmCos(11 nm)@Fe(6) and SmCos(21 nm)@Fe(§)
nanoparticles.
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We have shown that a 3.5 nm core diameter
SmCos5(3.5 nm)@Fe(§) nanoparticle has an optimum shell
thickness of §* = 2.5 nm and an energy product of 106.3
MGOe, which is 3.7 larger than that of the theoretical
maximum value of the energy product (4772 M?) of the SmCos
core (28.6 MGOe) and twice as large as that of NdFeB
magnets [23]. The percentage shell volume fraction of the
SmCos(3.5 nm)@Fe(2.5 nm) nanoparticle is 93% and the
saturation magnetization is 1641 emu/cm?.

In order to reach a percentage shell volume fraction of 93%,
a21 nm core diameter SmCos(21 nm)@Fe(§ nm) nanoparticle
requires an Fe shell thickness of § = 15 nm. This would lead
to a rather small energy product value, due to the nucleation
of the shell vortex phase in the demagnetization quadrant. The
21 nm core diameter SmCos(21 nm)@Fe(§) nanoparticle has
an optimum shell thickness of §* = 4.0 nm, corresponding to

a percentage shell volume fraction of only 62% and an energy
product of 74.1 MGOe.

We have discussed the average core-shell nanoparticle
model, consisting of a macro-spin-like model, with the mag-
netization and the anisotropy energy density represented by
the average values of the core and shell magnetic parameters,
weighted by the corresponding volume fractions. We have
shown that the validity of the average HSCS nanoparticle
model is restricted to small values of the core diameter and
shell thickness.
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