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ABSTRACT

Nd,Fe;4B has generated significant interest since its discovery in the 1980s due to its impressive energy density, which makes it a prime
candidate for use in permanent magnet applications. Its performance is known to suffer greatly at the high temperatures required for motor
applications around 450 K. Core/shell nanocomposites provide a potential route to improve material performance by combining the highly
anisotropic permanent magnet with a material with high moment and high Curie temperature. We have used an atomistic spin model to
investigate the magnetic properties of Nd,Fe 4B with a-Fe in a core/shell nanostructure. We find that at typical motor operating tempera-
tures, increasing a-Fe content reduces the coercivity of the system while enhancing the saturation magnetization. The overall effect is that an
improvement in BHy,,y is seen with increasing a-Fe up to an optimal value of 70 vol. %. This property of core/shell nanostructures would
make them a suitable substitute for pure Nd,Fe;4B while simultaneously lowering the raw material cost of the permanent magnet compo-
nent of high-performance motors.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5126327

I. INTRODUCTION

Nd,Fe4B has attracted considerable interest since its discovery
in the early 1980s"” due to its extremely high maximum energy
product (BHp.x) at room temperature. This intrinsic property
makes it an excellent choice of material for use in motors for
electric vehicles and wind turbines. There are two main problems
with the material however. The first is its low Curie temperature
(Tc = 585K). The second is the strong temperature dependence of
the coercivity, which results in a rapid drop in BHp,x with increas-

most often dysprosium. Dy doping results in better behavior at
elevated temperatures; however, its use is unsustainable due to high
cost and scarcity. The addition of Dy also results in a loss of satura-
tion magnetization, which is detrimental to BHpax.

A third obstacle is the theoretical limit placed on BHy for a
given material, given by

BHmax S )UOMSZ/4) (1)

ing temperature. For use in high-performance permanent magnet
applications, the magnet is required to maintain its performance
at temperatures up to T =450K. A common solution to this
problem is to dope the material with heavy rare-earth elements,

where M is the saturation magnetization. The expression gives the
value for BHpmay corresponding to an ideal rectangular hysteresis
loop. This puts a theoretical limit on the increasing trend in BHp,x
observed over the past century,” where improvement at each stage
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has come about through the discovery of new materials. In the case
of Nd,Fe 4B, the theoretical limit is calculated to be ~509kJ m~3,
though in practice, the best current magnets have a maximum
energy product of ~350kJm~3, and the prospect of discovering
new materials going forward appears poor.*

Recent advancements in nanoscale fabrication techniques have
opened the way for a new class of materials that combine hard and
soft magnetic materials to produce so-called exchange-coupled
nanocomposites, or exchange spring magnets,”” with high anisot-
ropy provided by the hard phase and high saturation magnetization
provided by the soft phase. In addition to having better overall
magnetic properties than either constituent material, exchange spring
magnets have the advantage of reducing the overall material cost by
reducing the proportion of the expensive hard phase in favor of
more cost-effective and readily available soft materials such as Fe
or Co. Since first suggested by Kneller and Hawig in 1991,
various theoretical predictions have suggested that their maximum
energy product could be in the region of 950kJm™, which is
remarkable when compared to what one could hope to achieve using
only permanent magnets; however, this has not yet been realized
experimentally.

Skomski and Coey (1993)" predicted theoretically that in a
bi-magnetic multilayer system comprised of Sm,Fe;;Nj; as the hard
phase and FegsCoss as the soft phase, a BHpyax of 1MJm~ could
be achieved. Despite the great potential for improving BHy,y using
bi-component ferromagnetic materials, the majority of research has
focused on FM/AFM or AFM/EM core/shell nanostructures'’~"’
for applications in magnetic recording and biomagnetism. However,
recently, Liu ef al. reported values of 360—440 k] m~ for FeCo and
Fe coated Nd,Fe 4B particles.* It has been suggested that the reason
for this disparity between experimental and predicted values might
be that experiments have been carried out on randomly oriented
particles.'

There are a number of methods used in the literature to treat
exchange spring magnets computationally. Currently, the most
common is based on the micromagnetics formalism,' "' which
approximates the magnetization of the system as a spatially contin-
uous vector field. While applicable to larger nanocomposites,
the micromagnetic formalism is unsuitable for studying very fine
particles where finite size effects become important and at elevated
temperatures where the local magnetic moments are no longer col-
linear, thereby breaking the principal assumption of a continuous
variation of the magnetization implicit in the micromagnetic
formulation.

In the current work, we have carried out a systematic investi-
gation of the magnetic properties and performance of idealized
core/shell nanostructures with soft/hard morphology, using Nd,Fe;4B
for the hard phase shell and a-Fe for the soft phase core. The
systems are modeled across a range of temperatures using an atomis-
tic spin dynamics (ASD) model. The ASD approach is the most
appropriate way to deal with interface effects and elevated tempera-
tures, which form an important part of the current work. The paper
is organized as follows. We first outline the basis of the ASD method,
including the use of spin temperature rescaling (STR) to more accu-
rately represent the temperature dependent magnetization of
quantum magnets. We then present investigations of the temperature
dependence of the magnetization, which demonstrate an important
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enhancement of the magnetization of the hard phase via the
exchange interaction with the a-Fe core. This is followed by a system-
atic investigation of the temperature dependences of the coercive field
and the maximum energy product, where we show that there is an
overall enhancement of the magnetic properties again due to the
inter-phase exchange coupling.

Il. METHOD

The atomistic spin model approximates the magnetic system
as a discrete three-dimensional lattice of vectors representing
atomic magnetic dipole moments. The moments are allowed to
point in any direction in space, following the classical Heisenberg
model. The energy is minimized at each site according to the spin
Hamiltonian, which takes the form,

1
H = —E;Jﬁsi -8~k Z (Si-e — Zussf Hyp. ()

The first term on the right-hand side is the Heisenberg form of the
exchange energy, where S; and §; are the normalized atomic spin
vectors on sites i and j, respectively, with [S| = 1, and Jj is the
exchange integral between those sites. Here, J;; is assumed to be
isotropic and short ranged, truncated at nearest neighbor distance.
The second term represents the anisotropy energy at site i. We
assume here a uniaxial single-ion anisotropy, with k, being the
uniaxial anisotropy constant given in units of Joules per atom and
e being the easy-axis, which is assumed to lie along z. The third
term gives the Zeeman energy, where H,p, denotes an externally
applied field.

The calculation of the energy product of the system requires
simulation of hysteresis loops. To do this, we model the spin
dynamics of the system using the stochastic Landau-Lifshitz-
Gilbert equation'” with Langevin dynamics used to incorporate sto-
chastic thermal effects. The equation of motion for the spins

applied at the atomic level™ takes the form
— = SiXHI /IS,'X S,‘XHI s 3
o e [ et T ( ) (©)

where A and y are the microscopic Gilbert damping parameter
(distinct from the usual Gilbert damping parameter in that extrin-
sic effects are included explicitly within the model*') and gyromag-
netic ratio, respectively. The first derivative of the spin Hamiltonian
with respect to the spin direction gives an effective field, which
interacts with the spin at the given site. Thermal effects are included
in the model in a natural way via a Langevin dynamics term, which
is added to the effective field,

2k T
u At

S

__or
eff — u asl

S

i

+I'®®)

4

where kg is the Boltzmann constant, T is the temperature of the
system, and At is the integration time step. I'(t) is a three-dimensional
Gaussian distribution representing stochastic thermal fluctuations.

For calculating the equilibrium properties of the system,
ie., effects with rapid convergence to equilibrium, such as the
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temperature dependence of the magnetization, it is optimal to use a
Monte Carlo algorithm.”"**

In the classical atomistic Heisenberg model, all spin directions
are permitted for the localized spin vector, as opposed to an Ising
model with a global quantization axis for the spins. This naturally
describes spin waves but suffers from the classical approximation
to the thermodynamic properties leading to an incorrect temperature
dependence for the system magnetization at low temperatures.”’ One
method of correcting this is to use the phenomenological STR
method suggested by Evans et al,”’ which results in good agreement
with experiment by effectively reducing the strength of spin fluctua-
tions in the simulated system, thereby approximating the true
quantum nature of the heat bath. The approach uses an interpolation
between low-temperature Bloch behavior and critical (Curie) behav-
ior, such that the magnetization can be described by the Curie-Bloch
equation,

m(r) = (1 — %), (5)

where 7 =T/T,, a is a phenomenological constant, and S is the
critical exponent. 3 is assumed to be the same for the classical simu-
lation and experiment. Setting o = 1 (corresponding to the classical
Heisenberg dependence of the magnetization), we can determine
both § and T, which are constants. With these, we are able to
perform a secondary fit to the experimental data to determine o.
Using this method gives re-scaling constants ag, = 2.876™" and
andres = 1.756,”"" which we apply to the a-Fe and Nd,Fe 4B sub-
lattices, respectively, allowing the temperature dependence of the sat-
uration magnetization and energy product of the composite system
to be compared to experiment. This is important to accurately assess
the changes in magnetic properties with temperature, not achievable
with a simple classical model.

lll. RESULTS

We have carried out a systematic investigation of the proper-
ties of core/shell Nd,Fe;4B/a-Fe nanoparticles. We first establish
that the parameters for the isolated phases produce behavior con-
sistent with experiment and previous atomistic calculations.
Following this, we consider the effect of varying the relative propor-
tions of the phases in the core/shell configuration on the tempera-
ture dependence of the saturation magnetization. This is then
followed by an investigation of the hysteresis behavior of nanoscale
systems.

A. Static magnetic properties and proximity effect

The temperature dependence of the magnetization of the two
isolated phases is shown in Fig. 1. Here, we study the temperature
dependent magnetization in the full temperature range from 0K to
T > Tc to verify agreement with the experimental data for the
shape of the m(T) curve and the Curie point of the material. The
system is first equilibrated with 10 000 Monte Carlo steps at each
temperature (taking the final configuration from the previous tem-
perature point) and then 100 000 averaging Monte Carlo steps are
performed where statistical averages are calculated. The magnetiza-
tion behaves as desired for both the Nd,Fe;4B and a-Fe phases
after re-scaling via the STR method. Fitting using the Curie-Bloch

ARTICLE scitation.org/journalljap
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FIG. 1. Calculated temperature dependent magnetization for single-phase
spherical nanoparticles of diameter 12 nm. The curves are fitted using Eq. (5),
giving values for T, of 584.3K for Nd,Fe4B gexperimental value 585 Kzs) and
1040.0 K for a-Fe (experimental value 1041 K*)

equation [Eq. (5)] gives values for T, of 584.3K and 1040.0 K for
Nd,Fe 4B and a-Fe, respectively, in agreement with previous atom-
istic simulations on the pure materials.”>”> Having aligned our
model with the experimental parameters, we now investigate the
temperature dependence of the composite nanoparticle properties.

First, we investigate the magnetization of the core/shell system,
showing an important proximity effect arising from the polariza-
tion of the hard phase by the a-Fe core. The interfacial exchange
between a-Fe and Nd,Fe 4B is assumed to be the average of the
two bulk exchange constants, providing strong coupling between
the two components of the nanoparticles. We have calculated the
temperature dependence of the magnetization as a function of the
vol. % of a-Fe, using the Monte Carlo integration method as out-
lined in Sec. II. From Fig. 2, it can be seen that there is a clear
enhancement of the saturation magnetization across the whole tem-
perature range for increasing vol. % of a-Fe. Due to its higher T,
the gradient of the magnetization curve for bulk a@-Fe is much
smaller at low temperatures than that of Nd,Fe;4B, which will, in
the exchange-coupled case, result in increased magnetization of the
composite phase. The highlighted temperature region 300—450 K in
Fig. 2 indicates the area of interest when considering electric
vehicle motor applications. The enhancement effect is significant
toward the high temperature end of this region, where Nd,Fe;4B
begins to de-magnetize as T approaches T¢ for bulk Nd,Fe;4B. The
more thermally stable a-Fe phase acts to polarize the shell via the
inter-phase exchange coupling. For high fractions of a-Fe, there is
also a significant induced magnetization in the Nd,Fe;4B phase
even above the bulk Curie temperature, which suggests that such a
composite structure may also be useful for high temperature appli-
cations. Interestingly, this is a consequence of the a-Fe being the
inner material, leading to a large surface area coupled to a high T¢
material. In the inverted case, a Nd,Fe 4B core would have a much
weaker inner magnetization that would likely have a lower magneti-
zation above the Curie temperature.
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FIG. 2. The calculated saturation magnetization as a function of temperature for
a 12nm diameter soft/hard core/shell nanoparticle for varying vol. % of o-Fe.
Though the curves do not follow the standard Curie-Bloch behavior, qualitatively
it can be said that there is a clear increase in T, with increasing a-Fe content,
as well as improved magnetization retention across all temperatures considered.
The highlighted region indicates the temperature domain generally relevant for
automotive applications. The calculations used 10 000 equilibration and 100 000
averaging Monte Carlo steps at each temperature to ensure accurate statistical
averages for the magnetization.
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FIG. 4. The calculated magnetization as a function of radial distance from the
particle center for soft/hard core/shell nanoparticles for varying volume percent-
age of a-Fe. The particle considered here is a 6 nm diameter sphere with the
3nm core, so the core/shell interface is 1.5 nm from the center, indicated in the
figure by the dotted line. The drop in magnetization between the core and the
shell is predicted by Fig. 2, where, due to the lower Curie temperature and
smaller o, for a given temperature, the magnetization is lower for smaller core
volumes. The key point, however, is the gradient of the drop in magnetization, a
result of the inter-phase exchange coupling, and it can be seen that the core

The extent of the polarization effect within the hard phase was
investigated by calculating the magnetization of the particle as a
function of the radial distance r from the center of the particle,
shown schematically in Fig. 3. In the uncoupled case, one would

polarizes the hard shell to a depth of ~0.5nm.

expect a step-function change in the magnetization at the distance
r = r., where r. is the radius of the core. In the coupled case con-
sidered here, the calculations clearly show a gradual transition from
the soft to the hard phase, with the gradient of M(r) directly propor-
tional to the coupling strength. This is an interesting effect, accessible
experimentally and with direct implications for applications in
systems based on nanoscale materials design. Figure 4 shows the
results of the M(r) calculation, which was done by dividing the parti-
cle into a discrete series of annuli, vectorially summing the atomic
spins within each successive annulus and finally dividing by the
number of spins found within the annulus. At low temperatures,
both the a-Fe core and Nd,Fe;4B shell are highly ordered. The first
feature to develop at intermediate temperatures is the reduction of
the ordering at the particle surface. This is due to reduced surface
coordination leading to missing exchange bonds. Surface spin fluctu-
ations then cause a reduction in the surface magnetization compared
to the inner regions of the particle. In general, the data show that
there is a gradual and approximately linear transition between the
higher magnetization of the soft core and the reduced magnetization
of the hard shell. The polarization effect of the soft a-Fe core can be
seen to penetrate the shell to a depth of ~0.5nm, or 17% the thick-
ness of the shell, providing an explanation for the enhancement
effect seen in Fig. 2.

annulus

B. Hysteretic properties and energy product

We now proceed to investigate the hysteresis properties and
energy product of the core/shell structure. While the composite
system reduces the temperature dependence of the saturation

FIG. 3. Discretization of core/shell particle into series of annuli of constant
width dr, with radius ranging from zero to radius of particle.
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magnetization, a high energy product is dependent upon retaining
a high coercivity. Since the Fe has a very low anisotropy, its addi-
tion will also lead to a reduction in the coercivity of the composite
system. We proceed by investigating the coercivity as a function of
temperature, followed by a study of the temperature dependence of
the energy product as a function of the Fe vol. %. Figure 5 shows
hysteresis loops at temperatures of 0K and 300 K. The hysteresis
loops for the composite system were generated using a field sweep
rate of 6.0 x 108 T's™! (real time), which equates to ~24 000 steps
per field point sweeping between 18.5T and —18.5T and a field
increment of 3 x 1073 T. The computed hysteresis loops are at a
much faster field rate than laboratory experiments, but are suffi-
ciently slow to avoid the ballistic regime, where the magnetization
is unable to equilibrate to the field direction.”” Our calculations
should, therefore, closely approximate the intrinsic coercivity for an
equivalent laboratory measurement of a single particle. Note that
here we do not consider the rate dependence of coercivity due to
thermal agitation over small energy barriers from the Sharrock
equation, as the coercivities of the particles are relatively large.

The squareness of the loops suggests that a coherent rotation
mechanism is at work, independent of the Fe vol. %, as expected
due to the small particle size. It is shown that particles with
increased Fe core size show much lower coercivity and also an
enhanced moment. At elevated temperatures, the total moment is
decreased, as is the coercive field.

The dependence of the coercive field of the nanoparticle on
the fraction of a-Fe at zero temperature and room temperature is
shown in Fig. 6. It can be seen that the coercive field decreases with
increasing a-Fe fraction, with the most significant decrease seen at
zero temperature. It is interesting to note that the reduction in
coercivity with changing fractions of soft material is non-linear,
which is a common feature of composite systems with different

0.1% —e—
0.8% —a—

M/M
o
o

2.7% —a—
6.4% —v—
12.5%

21.6% —e—
34.3% —4+—
51.2% —v—
72.9% —e—

FIG. 5. Calculated de-magnetization curves for 12 nm diameter core/shell parti-
cles with varying vol. % of a-Fe. (a) shows the variation of H; for a system at
300K and (b) at O K.
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FIG. 6. Calculated coercive field as a function of vol. % of a-Fe at zero temper-
ature, room temperature, and operating temperature of a permanent magnet
motor.

magnetic properties.”® Here, elevated temperatures reduce the non-
linearity of the variation of coercivity, suggesting an increasing
benefit for core-shell composite structures at elevated temperatures.
For temperatures above 200K, all particles with a fractional Fe
content over 80% approach thermal instability, with a low coerciv-
ity (<2T) and, therefore, unsuitable for motor applications.
At 200K, there is also an appreciable rounding of the hysteresis
loop arising from thermal fluctuations within the local energy
minimum: a factor which gives a further slight reduction in the
energy product.

The loss of performance of Nd,Fe;4B in automotive applica-
tions is due in part to the loss of saturation magnetization at ele-
vated operating temperatures. The polarization effect means that
the advantages of adding Fe, in addition to the reduction of the Nd
for cost reasons, are twofold. First, the Fe enhances the overall mag-
netization, giving rise to a potential increase in energy product
(albeit offset by a reduction in coercivity). Second, the polarization
of the Nd,Fe;4B by the Fe stabilizes the hard phase at elevated tem-
peratures and thereby reduces the rate of reduction of the anisot-
ropy field of the hard phase.

To determine the effectiveness of a permanent magnet in
high-performance motor applications, we consider the quantity
(BH) x> Or the maximum energy product, where BH is a scalar
product between the induced magnetic flux density B and the
internal magnetic field Hiy. B is given by

B = #O(M + Hint)’ (6)

where M is the magnetization of the particle and Hiy is the inter-
nal field, which is given by

Ny
Hint = ,uoHext -—M, (7)
4r
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FIG. 7. Calculated maximum energy product of composite 6 nm nanoparticle for
a range of temperatures. The temperature labels here refer to the simulation tem-
perature. At finite temperatures, a steady increase is seen as a function of Fe core
volume, which continues up to a threshold value of ~70%, after which a rapid
decline is seen. This suggests that for composite nanoparticles, in general, there
is an ideal core size at which the maximum energy product may be optimized. At
zero temperature, there does not appear to be a threshold value.

where f1,H.y is the externally applied magnetic field and Ny is the
demagnetizing factor, taken to be 477/3 for a sphere.”” In the calcu-
lation of the BH product, we have assigned a composite magnetic
moment to the particle, weighted according to the relative volumes of
the two phases. In general, a larger magnitude of BH . is desirable.

The quantitative effects on the maximum energy product are
shown in Fig. 7. It is seen that, at finite temperatures, there is an
optimal system composition at which the maximum energy
product reaches a maximum. This is found to be ~70%. After this
point, a sharp drop in the maximum energy product is observed.
The drop is a result of the decreasing thickness of the hard
Nd,Fe;4B shell, which is the source of the high coercive field neces-
sary to achieve a large energy product and also to stabilize finite
sized particles. Above ~70% o-Fe content, the coercivity drops sig-
nificantly, making the particles unsuitable for applications and also
reducing the energy product. However, for lower concentrations of
a-Fe there is a significant benefit of the composite structure at high
operating temperatures of T = 400K, where the BHp,x is up to
30% larger than for the pure Nd,Fe,,B phase, giving a large boost
to the performance of the magnet.

IV. CONCLUSIONS

Using a generic atomistic spin model, the hysteretic and ther-
modynamic properties of Nd,Fe;4B hard shell/a-Fe soft core nano-
structures were investigated, with the aim of finding a structure
with improved properties, namely, improved magnetization reten-
tion at elevated temperatures and larger maximum energy product
BHpax. We found an improvement in the total magnetization of
the composite system with increased a-Fe content. It was shown

ARTICLE scitation.org/journalljap

that this was a result of a deep-penetrating polarization effect by
the soft iron core on the hard shell, thereby increasing the Curie
temperature of the hard phase. This enhancement was shown to be
offset by a drop in coercivity with increasing Fe content, which
reduced much more rapidly for larger a-Fe volume fractions sizes.
Subsequently, it was shown that the combination of these two
effects resulted in an overall increase in the maximum energy
product of the particle with increasing a-Fe content, up to a thresh-
old value of ~70%, after which it was found to decrease rapidly.
Thus, it has been shown that in the future, the performance of
Nd,Fe 4B permanent magnets could potentially be optimized by
the addition of a-Fe, up to a certain volume fraction, in the form of
core/shell nanoparticles, provided the particle size is sufficiently
small that the interface exchange interaction is significant. This
effect is especially important for high temperature applications
where the operating temperature approaches the Curie temperature
of the hard Nd,Fe 4B phase, where a-Fe can improve the energy
product by up to 30%. Significant challenges remain in material
fabrication however and may require the use of materials with a
less complex crystal structure than Nd,Fe;4B, and magnets with
the ThMn;, structure are quite promising.‘;0
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