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To elucidate the dependence of exchange coupling behavior of hard/soft magnetic bilayer systems on various
micromagnetic constants, the coupling length (\) and the nucleation field (Hy) were systematically measured
on five thin-film libraries made of soft magnetic/hard magnetic bilayers. Hysteresis loops of CoPt/Fe Co,_,
(0=<x=<1), CoPt/Ni, CoPt/Fe, Sm,Co;/(Fe,Co, or Ni), and Sm,Co,/Ni were measured using a magneto-
optical Kerr effect setup. The one-dimensional model proposed by Leineweber and Kronmiiller [J. Magn.
Magn. Mater. 176, 145 (1997)] and micromagnetic simulations were used to interpret the behavior of N\ and Hy
obtained by the high-throughput investigation. We found that the dominant factors determining N\ and Hy are
the hard layer magnetic constants and the saturation magnetization (M) of the soft layer. Hy and \ display a
direct correlation with the domain-wall width of the hard layer and have an anticorrelation with M of the soft
layers. They were found to not be substantially dependent on exchange stiffness (A) and anisotropy (K)

constants within the group of soft layer materials studied here.
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INTRODUCTION

Exchange coupled hard/soft magnet nanocomposites are
being pursued for creating permanent magnets with substan-
tially enhanced maximum energy products (BH) .. As a
simple one-dimensional model of such magnets, bilayer thin
films are frequently used to probe the exchange coupling
interaction. But despite extensive effort,>>-8 the factors that
rule the exchange coupling interaction in such bilayer sys-
tems have not been unambiguously established. There are
some theoretical studies reported to date, but there is only
limited experimental evidence to confirm the models. For
instance, through a simple analysis, Kneller and Hawig® have
given a rough estimate of the critical dimension of the soft
layer which is ideally coupled to the hard layer and con-
cluded that it is mainly determined by the domain-wall thick-
ness of the hard layer. On the other hand, it has been shown
that under specific limits, one can arrive at expressions for
exchange field (H.) which depend only on soft layer
parameters.”® Other models, such as those by Skomski and
Coey’ and Leineweber and Kronmiiller,” are more compre-
hensive and take into account the properties of both hard and
soft layers. Because of the large number of variables in-
volved in these ferromagnetic-bilayer systems, the ideal way
to obtain an overall picture of their behavior, and compare
the result to the models, is through analysis of a large num-
ber of samples where each variable is separately and continu-
ously changed.

In this work, we report on systematically performed
experiments'® designed to delineate subtle variation of the
exchange coupling behavior using a series of thin-film bilay-
ers. We characterized the exchange coupling interaction
through two quantities: the coupling length (\) and the
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nucleation field (Hy), where \ is defined as the largest thick-
ness of the soft layer that still yielded strongly coupled soft/
hard layers and Hy is defined as the field at which a domain
wall first nucleated in the coupled bilayer systems.!’"!> We
studied the dependence of the bilayer behavior on various
magnetic parameters and the thickness of the soft layer ().
We wused the model proposed by Leineweber and
Kronmiiller’ and micromagnetic simulations using a com-
mercial solver'? to analyze the experimental trends of A and
Hy as a function of #,. The results of the study provided a
clear picture of the roles played by exchange stiffness (A),
saturation magnetization (M), and anisotropy (K) of both
soft and hard layers on the exchange coupling interaction
that should allow accurate prediction of the general behavior
of coupled hard/soft magnetic layers.

EXPERIMENT

To systematically investigate the effect of different
parameters, we used the combinatorial approach where a
large number of samples are fabricated and studied simulta-
neously. Different combinations of hard/soft layer composi-
tions and thicknesses consisting of CoPt(300 A)
/(Fe,Co,_,) (0=<x=<1), CoPt(300 A)/Ni, CoPt(300 A)/Fe,
Sm,Co,(960 A)/(Fe, Co, and Ni), and Sm,Co;(960 A)/Ni
were generated on five thin-film library chips. The bilayer
systems were grown on 15X 15 mm? or 7.5 X 15 mm? MgO
(110) substrates by dual-gun electron-beam evaporation at a
background pressure of approximately 2X10°Pa (2
% 1078 Torr). The coercive field of the hard layer (H,) was
also systematically varied between libraries. This was
achieved by changing the deposition rate or the annealing
time during their growth as described below.

©2007 The American Physical Society
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FIG. 1. X-ray diffraction (XRD) patterns of (a) CoPt and (b)
nominal Sm,Co;. XRD using a K, and Kz Cu source.

The (110) oriented CoPt hard magnetic layers were epi-
taxially grown using a Pt(10 A) buffer layer at 600 or
700 °C. For the latter case, the hard layer was postannealed
at 700 °C for 15 min. Following this, in both cases, the sub-
strate  temperature was decreased at a rate of
5 °C/min to 200 °C. The deposition rates needed to obtain
the correct stoichiometry were 0.4 A/s for Pt and 0.3 A/s
for Co. The increase in the substrate deposition temperature
resulted in an increase in H, from =0.64 to =1 T. Sm-Co
films (960 A), with the nominal composition of Sm,Co, and

the characteristic (2500) orientation,'* were grown on a
Cr(200 A) buffer layer at 450 °C The synthesis of Sm,Co;
by e-beam evaporation was complicated by Sm evaporation
from the surface of the sample that occurred simultaneously
with deposition due to Sm’s high vapor pressure. To correct
this, Sm was evaporated at the same rate as Co, correspond-
ing to a slightly higher rate than that dictated by the desired
stoichiometry. Deposition rates of either =2 or ~4 A/s for
both Sm and Co were used, considerably higher than those
used for CoPt. The two different deposition rates resulted in
different values of H,.. Namely, H. was =0.68 T for films
deposited at =2 A/s, and it was ~1.32 T for those deposited
at ~4 A/s. The (110) and (220) peaks of a CoPt film

(300 A) and the (22 00) peak of a Sm,Co, film (1000 A)
from the x-ray diffraction shown in Figs. 1(a) and 1(b), re-
spectively, attest to the orientations of the films.

To complete the bilayers, polycrystalline Fe and Co soft
layers were deposited at 200 °C on the CoPt layer and at
100 °C on the Sm,Co; layer. The different compositions of
Fe,Co,_, (0=<x<1) were achieved by controlling the depo-
sition rates of the coevaporated elemental Fe and Co sources.
Typical soft layer deposition rates ranged from
0.1to 0.4 A/s. To prevent oxidization, the samples were
capped by a 75 A thick gold layer deposited at room tem-
perature.

In order to study the effect of changing soft phase param-
eters on the exchange coupling, we independently varied the
composition and the thickness of the soft layer on a single
square library chip using two perpendicular shadow masks.
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FIG. 2. Schematic of the libraries.

Along one direction, the composition of the soft phase was
varied, e.g., from pure Fe to pure Co, and along the perpen-
dicular direction, the thickness of the soft layer was changed.
For the CoPt(300 A)/(Fe,Co,_,) (0<x=<1) library, the soft
layer composition was varied in 11 steps and the thickness
was increased from 10 to 140 A in 14 steps. In this manner,
we can obtain up to 150 different combinations of soft layer
composition and thickness on a single library chip. For the
other libraries, only single compositions were deposited and
t, was smoothly increased from 0 to =70 A. We now use
“sample” to denote each small region of a library in which
the composition and thicknesses of the soft layer are con-
stant. A schematic of a typical bilayer library is shown in Fig.
2.

The magnetic hysteresis loops of each sample were mea-
sured using the magneto-optical Kerr effect (MOKE), which
allows us to rapidly scan all the samples on a single library
in one measurement session. The maximum range of the ex-
ternal magnetic field (H) is 2.3 T, which is high enough to
saturate our hard magnetic layers. Our MOKE laser spot size
is less than 0.1 mm and the rotation angle sensitivity is =5
X 10 deg, which allows us to detect small changes in mag-
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FIG. 3. Magnetic hysteresis loops (a.u.) for different soft layer
thicknesses (7,) and compositions on a CoPt(H.=0.64 T) hard
layer measured on a single library. The coupling length A, is ex-
perimentally determined from the soft layer thickness at which the
transition between one-phase-like behavior and two-phase-like be-
havior takes place.
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FIG. 4. Magnetic hysteresis loops (a.u.) for different soft layer
thicknesses (z,) for three elemental soft layers on a Sm,Co; hard
layer with coercivity =0.68 T. The data curves are a representative
subset of those obtained.

netization as we scan the laser from sample to sample on the
library. By measuring the remanent magnetization vs 7, for
different hard/soft layer combinations, we determined that
MOKE characteristically probes a depth of =100 A. Thus,
MOKE allows us to study the magnetic properties of the
bilayers very close to the interface.

RESULTS AND DISCUSSION

We tracked the hysteresis loop from each sample within
the same library to ascertain its variation as a function of the
soft-layer composition and thickness. An ideally exchange
coupled hard/soft magnet shows a one-phase-like magnetic
hysteresis loop. A partially exchange coupled magnet should
exhibit a two-phase-like hysteresis loop. For each given soft
layer composition, a “transition” between one-phase- and
two-phase-like behaviors’ appears as #, increases. We define
the composition-dependent thickness of the soft-layer at
which the first sign of two-phase-like behavior is observed in
the plots to be the coupling length (\,), where the subscript x
denotes the soft layer composition.

Figure 3 shows hysteresis loops of Fe-Co and Ni on CoPt
with H.=~0.64 T. From such sets of loops, visual inspection
along with analysis of the first derivative of the loops with
respect to the applied field allow us to obtain A, for different
soft layer compositions; the derivative of the curves shows a
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FIG. 5. Coupling length (\,) as a function of soft layer compo-
sition on CoPt (coercivity: H,.=0.64 T) and Sm,Co; (H,
=(0.68 T) hard layers. \y; value is its lower limit. Composition
uncertainties are not included in the graph.
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FIG. 6. Coupling length X\, vs (a) 1/M, (saturation magnetiza-
tion), (b) 1/K; (anisotropy constant), and (c) 1/A, (exchange stiff-
ness) of the soft layer for CoPt(H.=0.64 T) and Sm,Co; (H,
=(0.68 T) hard layers. No uncertainties were considered for the
magnetic constants. Data are not shown as a function of anisotropy
(A,) for compositions FegyCoyg, FegyCoyg, FeqyCogp, and Fe,nCogg
due to the absence of anistropy values for these alloys in the
literature.

clear peak, where there is a drastic change in the slope in the
case of the two-phase-like behavior. The fixed finite incre-
ment of the thickness variation on each library creates a
lower bound to the total uncertainty of each A\, measurement
to be =5 A (i.e., half of the #, increment). These uncertainties
are associated with the difficulty in graphically determining
the soft layer thickness at which the two-phase-like behavior
first appears. The one-to-two-phase-like transition can occur
as much as a full thickness step beneath A,. The values of \,
reflect the trend of the transition vs soft layer composition.
The uncertainty of Ay; was not assigned, due to difficulty in
determining the one-to-two-phase-like transition for this soft
layer composition. Because of the finite penetration depth of
the laser, as ¢, is increased, the MOKE signal obtains less
information from the hard layer underneath the soft layer.
For 7,=100 A (=MOKE laser penetration depth), all the sig-
nal comes from the soft layer, and if the soft layer is still
strongly coupled to the hard layer (\,= MOKE laser penetra-
tion depth), the one-to-two-phase-like transition will not ap-
pear within the libraries. This was the case in the Ni magne-
tization loops displayed in Fig. 3, and we conclude that \y;
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=100 A, however, given the data trend, we do not expect
Ani to be too much larger than 100 A. Thus, on CoPt, while
we assign Ay; to be 100 A, it is understood to be a lower
limit value. Figure 4 shows hysteresis loops of Fe, Co, and
Ni on Sm,Co; with H.~0.68 T. In this case, we consider the
total uncertainty of A, to be approximately half of the aver-
age of the , increment, or 3.5 A.

The values of N, vs composition obtained from Figs. 3
and 4 are displayed in Fig. 5. The data indicate that A, is
substantially lower for Sm,Co,; (H.=~0.68 T) than for
CoPt(H,=~0.64 T) even though these two hard layers have
similar coercivity values; this underscores the significance of
hard layer properties other than H, in determining the ex-
change interaction. For CoPt(H,~0.64 T), \, increases go-
ing from pure Fe to pure Co, with Ni yielding the highest
value. For Sm,Co; (H,~0.68 T), \, is similar for Fe and
Co, but Ni has a higher value. This shows the presence of
exchange coupling dependence on the soft layer elements: Ni
couples more than Co to either hard layer and, in general,
these two couple more than Fe.

Analysis of the variation of A, on the soft layer magnetic
constants should reveal the mechanism involved in the soft
layer coupling. However, because it is difficult to experimen-
tally obtain the exact soft layer magnetic constants for our
bilayer systems, we use typical values found in the literature,
which depend on the crystalline structure. In particular, we
extracted information from the Fe-Co-Ni phase diagram in
Ref. 15. Ni, Co, and CogyyFe;, are face-centered cubic in
structure, while the rest of the alloys are body-centered cu-
bic. While our soft layer films are polycrystalline, because of
a lack of a reliable independent technique for obtaining ac-
curate values of these parameters for our layered structures,
we used these single crystal values.'®>! We need to keep in
mind that while it is perhaps not unreasonable to expect our
films to have saturation magnetization (M,) and exchange
stiffness (A,) constants similar to those of single crystals,
polycrystalline materials can have significantly lower aniso-
tropy constant (K,) values. We plot experimentally deter-
mined A, vs (a) 1/M,, (b) K, and (c) 1/A; in Fig. 6. Al-
though the effects of these parameters are expected to be
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correlated, separate trends can still be revealed.>”? In par-
ticular, there appears to be a linear correlation between A\, vs
1/M, while the correlations are less clear for A, vs K, and A,
vs 1/A,. This seems to indicate that within the layered sys-
tems studied here, for which K,/ K> 100 with K, being the
hard layer anisotropy constant, M has the largest influence
on \,. On the other hand, it has previously been noted that
the exchange coupling is strongly affected by K if the an-
isotrogy of the hard and soft layers are such that K,/K;
~10.

We also observed a dependence of A\, on the hard layer
coercivity. Figure 7(a) shows the hysteresis loops of Fe/CoPt
samples for two different coercivity values of CoPt. From
these loops, we determined that A\, =30 A and Ap.~20 A
for H.~0.64 T and H.=~1 T, respectively. This represents a
reduction of =30% in Ag, for =56% increase in H,.. Simi-
larly, Fig. 7(b) shows the hysteresis loops of Ni/Sm,Co; for
two different coercivities of Sm,Co;. From these loops, we
determined that A\y;=37 A and \y;=15 A for H,~0.68 T
and H,~1.32 T, respectively. This represents a reduction of
~60% in A\y; for =100% increase in H,.. If the other hard
layer properties did, in fact, not change, these results would
indicate that increasing the hard-layer coercive field de-
creases the coupling length.

The rotation behavior of the magnetization at the soft/hard
interface determines the characteristics of the hysteresis
loops. Specifically, whether the rotation of the polarization as
a function of H and as a function of the position within the
film, as depicted in Fig. 8, is gradual or abrupt determines
the nature of the transition from one- to two-phase-like mag-
netization loops. In carefully comparing loops in Figs. 3, 4,
7(a), and 7(b), the samples in CoPt libraries display a
smoother transition between one- and two-phase-like behav-
iors than those in Sm,Coy, libraries. This transition is a mea-
sure of the strength of the soft/hard-layer interaction.
Namely, smoother transitions indicate wider domain walls,
which, in turn, are associated with the compliance of the
hard layer to the influence of the soft layer. The observed
trend indicates that the influence of the soft layer on the hard
layer is weaker in the Sm,Co; samples than in the CoPt. As
discussed below, this can be explained in terms of the do-
main walls within the hard layer.

FIG. 7. Magnetic hysteresis loops (a.u.) for a
range of soft layer thicknesses 7, on (a) CoPt and
(b) Sm,Co; hard layers possessing two different
coercivities (H,.). The arrows indicate the loca-
tions on the hysteresis loops where two-phase-
like behavior is first observed with increasing f,.

Ho= 0.64T He=1T H.= 068T

He=13T
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FIG. 8. Schematic of the system used in the model by Leinewe-
ber and co-workers (Refs. 2 and 22). (a) Soft layer (S)/ hard layer
(H) system. The position x is taken from the top of the soft layer
surface, with z the direction in the film plane that is parallel to the
external field. (b) The in-plane angle 6 defining the polarization of
the magnetization as a function of x, where ¢, the soft layer thick-
ness, marks the location of the soft/hard layer interface.

In Figs. 3 and 4, one can clearly discern a continuous
shape change of the hysteresis loops together with a change
of the coercivity along the y axis. We graphically determine
the nucleation field Hy, for each hysteresis loop, i.e., the field
at which the slope of the curve during the demagnetization
process starts to change substantially. This value is equated
to the value of H, where the tangent to the loop at the point
with maximum magnetization intercepts the tangent to the
loop at the point of maximum slope (see Fig. 9 inset, points
marked “A”). As seen in Figs. 3 and 4, the nucleation field
thus determined shifts substantially when the behavior tran-
sitions from one-phase-like to two-phase-like in addition to
significant systematic variation across the full range of
values.

Figure 9 displays the experimental values of Hy vs ¢, for
Fe, Co, and Ni on Sm,Co; (H.=~0.68 T) and CoPt(H,
~(.64 T). The data follow the same general trend, with Hy
decreasing from approximately H, toward an asymptotic
minimum value as ¢, increases from 0. The thickness range
where Hy decreases most rapidly corresponds to the appear-
ance of the two-phase-like behavior in the magnetization
loops. One might expect that the nucleation field decreases
most rapidly when the soft layer thickness ¢, approximately
equals the coupling length \,. The behavior depends on both
the hard layer and the soft layer. Broadly speaking, the
nucleation fields are higher with the CoPt hard layer than the
Sm;Co, for a given thickness of soft Fe, Ni, or Co (the
exception being thin Ni). Also, the nucleation field Hy de-
creases more smoothly with thickening of the Co and Ni soft
layers for the CoPt hard layer versus the Sm,Co,. The re-
sults, along with the behavior observed for A, indicate that
soft layers with lower saturation magnetization are exchange
coupled more to the given hard layer, while the exchange
coupling interaction is impacted by the hard layer character-
istics as one might expect.

To obtain more insight about the effect of the micromag-
netic constants on the exchange coupling, we utilized the
model of Leineweber and Kronmiiller.> This model gives the
irreversibility field (H;,), which ideally corresponds to the
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+ Sm2C07

0 20 40 60 80 100

CoPt
+ Sm2Co7
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FIG. 9. The nucleation field (Hy) as a function of the soft layer
thickness 7, for soft layers (a) Fe, (b) Co, and (c) Ni. The symbols
are experimental data. Results are shown for both Sm,Co; (H,
=(.68 T) and CoPt(H,.=0.64 T) hard layers. The indicated uncer-
tainties in Hy were graphically determined. Inset: graphical deter-
mination of Hy, marked A, and the ideal irreversible field Hj,,
marked B.

field at point B in the inset of Fig. 9(a), as a function of f,.
From H;, vs t, for the different material systems, we can
obtain the dependence of the coupling length A\, on the mag-
netic constants. To find the general trend in the H, vs t,
curve with independently changed magnetic constants, we
analyzed a particular Fe/SmCo bilayer (Fig. 10). Figure 8
shows a schematic of the system. In the model, the Gibb’s
energy of the system is minimized and the resulting Euler-
Lagrange equations are solved to obtain the rotation of the
in-plane polarization 6(x,H,z,) as a function of the position
x. Using the model and following the same stability analysis
technique described in Refs. 2 and 22, H,,, vs t; was numeri-
cally calculated for 7, over the full range from 100 to 0 A.
Below the thickness t,=t,, H;, was considered to be equal to
the ideal irreversible field of the hard layer.>?° The model
assumes that for r<<t,, the coupling between the hard/soft
layers is maximized, which in an ideal case represents com-
plete coupling. Thus, ¢, is equivalent to our experimentally
obtained A, values. The magnetic constants used for these
calculations are shown in the caption of Fig. 10. The overall
trends predicted by the model for variation of the properties
of the soft magnetic material are as follows: A, increases
with decreasing M, while it is barely affected by changes in
A, and not affected by changes in K| in the range of values
used, which roughly correspond to those of the soft material
studied here. For variation of the hard magnetic material

144429-5
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properties, it is found that N\, increases as M, or A;, increases
and decreases as K, increases.

For comparison, we also modeled the spin configurations
in SmCo(200 A)/Fe(60 A) bilayers using the LLG Micro-
magnetics Simulator®.3 In these simulations, not shown,
each bilayer is approximated as a stack of 52 three-
dimensional-cells spanning the thickness of the film as well
as covering its full area; the magnetic configuration uniform
within each cell was uniform and independently variable
from that in other cells. The magnetic constants used to find
the equilibrium configurations in the simulations are the
same as those used to obtain the results shown in Fig. 10.
The general trends in H;,, shown by the two calculations are
in good agreement. For instance, when Kj, is increased, H;,
(1,=60 A) is increased; when K, is changed in the present
range of K,/K;> 100, H, is nearly unaffected.

The dependence of A,, obtained from the model of Lein-
eweber and co-workers,>*? on independently changed soft
layer magnetic constants agrees with the experimental obser-
vations. This indicates that the soft materials that most effec-
tively increase the coupling length are those with lower M.

The experimental results when the hard layer is changed
are also interpreted using the calculation results. The mag-
netic constants of bulk hard materials [CoPt and Sm,Co-] are
such that KCoPthSmCo’ MCoPtBMSmCO’ and ACoPtBASmCo'
If the magnetic characteristics of the thin-film hard layers are
similar to those of bulk materials, the model by Leineweber
and Kronmiiller? indicates that \,_cop=\,_gmco Would be
expected for a hard-soft stack with generally soft material x.
This is consistent with what is experimentally observed. Spe-
cifically, for M) and A;, unchanged, higher H,. corresponds to
higher K, and thus prediction of a reduced \, in agreement
with the decrease of the experimental A, with increasing co-
ercivity observed experimentally in Fig. 7.

The model by Leineweber and co-workers>?? takes into
account both the hard and soft layer properties. The spatial

variation of the magnetization through the bilayer, 0(x,H,1,),
depends on the domain-wall width of both the soft layer and
the hard layer, which we denote as DW, and DW,, respec-
tively. The solution of 6(x,H,t,) indicates that for a given set
of magnetic constants of the soft layer, magnetic field H and
soft layer thickness 7, hard materials with a larger DW,
=mJA,/K, induce a more gradual change in the rotation of
the polarization as a function of the position within the bi-
layer film (particularly at the interface). Based on values
given in the literature, DW¢.p,=~ 100 A,!7 which is longer
than DWg,c, =50 A the typical domain-wall width of
Sm,Co;. Thus, we expect CoPt-based samples to have a
more gradual change in the rotation of the polarization at the
interface than Sm,Co;-based samples. This prediction is con-
sistent with the experimental observations, which show an
inverse correlation between A, and DW), (as discussed above,
CoPt has longer A, than Sm,Co5). Thus, the larger the DW,
of the hard material, the stronger the interaction with the soft
phase.

Based on these empirical results, we consider a simple
linear relation between M, and \,, namely, \,=—M a+f3,
where a and B are positive constants. This allows us to de-
termine the volume fraction of the soft layer which contrib-
utes to the saturation magnetization in an ideally coupled
system (volume=sample area X \). A simple calculation of
the maximum energy product, assuming square magnetiza-
tion loops and considering the contribution of both hard and
soft magnetic layers to the saturation magnetization, indi-
cates that (BH),,,x can be maximized by reducing the thick-
ness of the hard layer down to =DW,, and by increasing the
thickness of the soft layer up to =\,. However, because of
the inverse relation between M, and A , the soft material with
the longest A, is not necessarily the most effective material
for maximizing (BH),,,. For instance, assuming M,=5.5
X 10° A/m, we calculate that for DW,,~50 A (typical value
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of Sm,Co5), (BH),,,, can be as high as =21 MG Oe if a soft
layer with M,~1.3X10° A/m is used; and for a DW,
~100 A (typical value of CoPt), (BH),,,x can be as high as
~28 MG Oe if a soft layer with M;~ 1.6 X 10° A/m is used.
Therefore, changing the hard layer from CoPt to Sm,Co,’
which has slightly higher coercivity, does not necessarily
lead to an enhancement of the energy product.

CONCLUSIONS

In conclusion, the high-throughput hard/soft magnetic
layer experiments show a trend indicating that the hard layer
magnetic parameters and the saturation magnetization of the
soft layer play the most important roles in determining the
nucleation field and the coupling length. Hard materials with
higher coercivity do not necessarily benefit the soft/hard
phase interaction. There is an inverse relation between the
width of the domain wall of the hard layer and the exchange
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coupling interaction. In the range of exchange stiffness K|
and anisotropy constant A, values used in this experiments,
the saturation magnetization M is the principal parameter of
the soft layer that governs the exchange interaction: the
higher the M, the stronger the exchange interaction. A trade-
off between coercivity and exchange interaction is observed:
hard phases with higher coercivity do not necessarily result
in an enhancement of energy product. Similarly, because of
the trade-off between saturation magnetization and exchange
length, soft materials with the longer coupling length do not
always result in an enhancement of the energy product.
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